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Membrane gas separation and technology has attracted great interest in the recent years 
due to the simplicity, ease of scale-up and environmental friendliness of membrane 
processes. The use of membranes in the separation of gases is a fast-growing field. In 
various cases, gas separation membrane technology has been widely used in industrial 
gas separations, for example, oxygen- or nitrogen-enrichment in air separations, 
hydrogen separation and natural gas upgrading. However, traditional membrane materials 
cannot always achieve high degrees of separation performance and suffer from an upper-
bound relationship for its permeability and selectivity. This greatly constrains the 
application of polymeric materials for industrial use. In this PhD work, the main focus is 
to explicitly tailor the properties of glassy polymeric membranes for gas separation 
application. Four aspects have been thoroughly investigated.  
 
Firstly, the hybrid nanocomposite membranes were fabricated by incorporation of nano-
sized POSS
®
 particles into commercially available Matrimid
®
 for the separation of 
natural gas. It was observed that the nano-sized POSS
®
 particles could be distributed 
uniformly over the Matrimid
®
 matrix with an intimate polymer-particle interface. This is 
presumably ascribed to the organic-inorganic nature of POSS
®
 particles and the existence 





. The introduction of POSS
 ® 
nanoparticles enhanced the toughness of the 
membrane films. After that, the nanocomposite membranes were post-treated with ion 





 with eight carboxylic functional groups which each moiety provided a high-
density ionic binding platform for the introduction of Zn
2+







 revealed a substantial enhancement in natural gas (i.e., separation of 
CO2/CH4) separation performance which is resulted from the facilitated transport of CO2 
with the existence of Zn
2+
.  The effect of various ZnCl2 concentrations was also studied.   
 
Secondly, a new type of polymer, called polymers of intrinsic microporosity (i.e., PIM-1) 
was synthesized in our laboratory. The original PIM-1 has very high gas permeability but 
relatively low gas pair selectivity. In this part, the PIM-1 membrane films were 
undergone thermal treatment to induce self-cross-linking. The occurrence of cross-linking 
reaction with the formation of triazine rings have been verified by FTIR, TGA, XPS and 
gel content analyses. The resultant cross-linked membranes exhibited exceptional gas 
separation performance that surpassed the most recent upper bound for the state-of-the-
art polymeric membranes for the important gas separation, such as hydrogen purification, 
CO2 capture and flue gas separation. For example, PIM-1 thermally treated at 300 °C for 
2 days has the CO2 permeability of 4000 barrer with CO2/CH4 and CO2/N2 ideal 
selectivity of 54.8 and 41.7, respectively. The effect of thermal soaking duration was also 
studied in this work.  
 
Thirdly, to continue from the previous work, another postmodification was carried out on 
PIM-1 dense films. Under the continuous ultraviolet (UV) irradiation process, the 
original CO2 selective PIM-1 has turned to H2 selective. This is due to the significantly 
enhanced diffusivity selectivity induced by UV radiation, followed by molecular 
xiii 
 
rearrangement, conformation change and chain packing. It has been proven that the 
polymer chains of PIM-1 experienced 1-2-migration reaction and transformed to close-to-
planar like rearranged structure after UV radiation. The positron annihilation lifetime 
(PAL) and molecular simulation have confirmed the chemical and structural changes 
during the UV radiation process. The PIM-1 membrane after UV radiation for 4 hours 
showed H2 permeability of 452 barrer with H2/CO2 selectivity of 7.3, which was one of 
the best ever reported in the literature.   
 
Considering the importance of hollow fiber for industry use, the formation of defect-free 
dual-layer hollow fiber membrane with an ultra-thin dense-selective layer has also been 
studied. It has been observed that an optimization in the velocity between the inner-layer 
and the outer-layer dopes at the exit of the spinneret is essential to minimize additional 
stresses and defect formation in the outer functional layer. Positron annihilation 
spectroscopy (PAS) has been used for the first time to explore the morphology and 
predict the gas separation performance of PAI–PES based dual-layer hollow fiber 
membranes. Doppler broadening energy spectra (DBES) from PAS accurately estimate 
the outer-layer thickness and demonstrate the existence of the multilayered structure of 
the dual-layer hollow fiber membranes. The success in the formation of defect-free 
hollow fiber membrane with an ultra-thin dense-selective layer for gas separation is 
paramount for industrial use as the defect free membrane would minimize the post-
treatment process and save production cost, while the ultra-thin dense-selective layer 
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1.1 BASIC CONCEPT OF MEMBRANE SEPARATION 
 
Membrane separation is a technology which selectively separates species or components 
(i.e., molecules, particles or polymers) in a gaseous and/or liquid mixture solution via 
pores in the molecular arrangement of a semipermeable continuous structure [1]. The 
components that are passed through the membrane are usually termed as permeate, while 




Figure 1.1: Schematic diagram of membrane separation 
 
 
Due to its simplicity and great saving in energy consumption, membrane technology has 
been applied in all types of industrial downstream separation and upstream treatment 
processes. For instance, reverse osmosis was demonstrated as requiring an energy load 
about 10 times lower than that of a thermal process [2]. Therefore, in various areas, 
membrane technology is considered to be the dominant technology, such as in seawater 
3 
 
desalination, in wastewater treatment and reuse, in artificial organs, in food juice 
treatment, etc. Depending on driving force of the operation, membranes are distinguished 
as pressure driven, concentration driven, electric potential gradient driven or temperature 
gradient driven operations as shown in Table 1.1. On the other hand, based on the pore 
size of semipermeable membrane, it could also be classified for different applications 
which are illustrated in Figure 1.2.  
 
Table 1.1: Membrane classifications based on driving force 
 
Driving force Membrane operation  Major applications 
Pressure driven 
Microfiltration Separation of bacterial and cells 
Ultrafiltration Separation of proteins and virus 
Nanofiltration Separation of dye and sugar, water 
softening 
Reverse Osmosis Seawater desalination, process water 
purification  
Gas separation Hydrogen recovery, air separation, natural 
gas upgrading and CO2 capture 




Dialysis Purification of blood (artificial kidney) 
Forward osmosis Seawater desalination 
Electric potential 
gradient driven 
Electrodialysis Separation of electrolytes  
Temperature 
gradient driven 







Figure 1.2: Membrane classifications based on the membrane pore size 
 
 
In this introduction chapter, the basic concept of membrane separation is briefly 
introduced followed by a specific introductory section for gas separation membrane. 
After that, the scientific milestones of gas separation membrane will be recapped 
followed by a survey on membrane gas separation applications in industry as well as a 
recent literature review on high performance and highly permeable membranes for gas 
separation applications. In the last part of this chapter, the research goals and 
organization of this dissertation are presented.       
 
1.2 GAS SEPARATION MEMBRANE  
 
Compared with conventional gas separation technologies such as cryogenic separation, 
physical adsorption (e.g., pressure swing adsorption (PSA)) and chemical absorption (e.g., 
amine), membrane-based gas separation has played a significant role in gas separation 
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industries [3-5]. This is fairly visualized with a less energy consumption for membrane 
gas separation since it does not require phase displacements as does in cryogenic 
separation. On the other hand, membrane gas separation is operated by continuous 
separation, and does not require intermittent cycles as does in PSA. Furthermore, it 
consumes no chemical that reveals the characteristics of environmental friendliness, 
whereas, substantial amount of toxic and corrosive chemicals (e.g., mono-ethanolamine 
(MEA)) are used in chemical absorption process. Thus, membrane gas separation allows 
a simpler system of operation and can be accomplished with small footprints. This is 
particularly suited for use in remote applications such as offshore gas-processing 
platforms [4]. The lack of mechanical complexity with the absence of moving parts in 
membrane systems is another advantage for membrane gas separation.  
 
In terms of membrane process for industrial gas separation use, since the Permea (now a 
division of Air Products) launched its very first hydrogen-separating Prism
®
 membrane in 
1980, the sales of membrane gas separation equipment have grown to become a $150 
million/year business. Additionally, the use of membranes for gas separation process is 
growing at a steady rate. The market scale of membrane gas separation in 2020 will be 
five times of that of year 2000 [3]. Moreover, it is expected that the membrane gas 
separation will play an increasingly important role in reducing the environmental impact 
and costs of industrial processes [6], particularly with the concern of global warming, a 
direct impact of fossil fuel usage with the increase of carbon dioxide (i.e., CO2) 
concentration in the atmosphere. According to studies from Intergovernmental Panel on 
Climate Change (IPCC), the immediate effect of global warming will lead to the sea level 
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rise, and an increase in frequency of some extreme weather events, e.g., heat waves, 
tropical cyclones, flood, etc [7]. They also predicted that the atmosphere CO2 
concentration will be up to 570 ppm compared to current concentration of 380 ppm by 
year 2100, if no special actions are taken. Such an elevated level of CO2 concentration in 
the atmosphere will cause an increase of 1.9 
o
C in global temperature and 3.8 m increase 
in mean sea level. [8], Among the different options that can prevent carbon dioxide from 
build-up, such as processes with enhanced energy efficiency, an increased use of 
renewable energy sources or the development of non-CO2 emitting energy sources, 
carbon capture and storage is considered a key issue. This, on the other hand, opens 
another opportunity for membrane-based gas separation process and technology for CO2 
capture.  
 
Nevertheless, the current membrane systems and technologies are not considered as 
adequate separation process for industrial use mainly due to a few drawbacks, which 
include the relatively low gas separation performance, vulnerable to the harsh 
environment, e.g. sulfur compounds, suspended solids or oil mist [5, 2]. For example, in 
natural gas purification process, there are significant amounts of CO2, ethane, propane 
and butane. To meet pipeline specification, all natural gas required some treatment before 
delivery to the pipeline. The opportunity for membranes lies in processing raw gas to 
meet these specifications. It is estimated that the U.S. consumption of natural gas is ~22 
trillion scf/yr, and the worldwide total consumption is ~95 trillion scf/yr. This drives a 
worldwide market for new natural gas separation equipment of ~$5 billion per year. 
However, membrane processes have <5 % of this market [9]. As a result, there is a strong 
7 
 
requirement to develop high-performance polymer membranes with superior thermal, 
chemical, mechanical and long-term stabilities for gas separation applications.  
 
1.3 SCIENTIFIC MILESTONES OF GAS SEPARATION MEMBRANE  
 
The first discovery of polymeric membrane could be traced back as early as 1831. 
Mitchell discovered a phenomenon that “the speeds at which gases permeate a membrane 
differ depending on the types of gases” [10, 11]. In fact, this is even earlier than the 
discovery of cryogenic separation method.  Later on, A. Fick postulated the concept of 
diffusion and formulated the well-known Fick’s first lay by studying the gas transport 
through nitrocellulose membranes [12]. Later in 1866, T. Graham studied the rubber 
membranes and suggested that the separation mechanism of gases consisted of 
dissolution of gases on the membrane surface, diffusion in the membrane due to the 
concentration gradient, and diffusion and desorption of gases at the less concentrated side. 
This forms the basic solution-diffusion theory of membrane gas separation [13].  
 
However, the development of gas separation processes did not seriously begin until the 
early part of the last century. Particularly, Daynes developed the time lag method to 
determine diffusion coefficient of gases [14]. The real realization of industrial application 
came after the successful development of high flux anisotropic membranes prepared by 
Loeb and Sourirajan for reverse osmosis [15-17]. However, their membranes could not be 
directly used for gas separations due to pinholes or defects introduced during the 
membrane preparation process. Henis and Tripodi resolved this issue by applying a thin 
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layer of silicon rubber coating on the membrane surface, which came to the first 
commercial Prism
®
 hydrogen-separating membrane [18]. Since then, membrane-based 
gas separation systems have made tremendous progress and have gained wider 
acceptance in a variety of applications. Figure 1.3 displays the important milestones in 





Figure 1.3: Scientific milestones of membrane gas separation [3] 
 
 
1.4 GAS SEPARATION MEMBRANE APPLICATIONS 
1.4.1 Air Separation Membranes  
 
Polymeric air separation membranes are by far the most accepted commercial membrane 
gas separation application. They are used exclusively to generate nitrogen gas of low 
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purities in small scale and remote locations. The portable nitrogen-enriched membrane 
systems could be used in food storage and preservation, grain storage, dry nitrogen seal, 
inflation of tires, nitrogen enhanced oil recovery and mining application [2]. The 
produced nitrogen is at the concentration range of 95 to all the way 99.99 %. However, 
due to the modest selectivity of O2/N2 (i.e., < 8) for air separation membranes, production 
of high purity nitrogen is not economically favorable. In fact, membranes compete best 
with other nitrogen generation technologies, such as PSA and cryogenic separations, in 
the purity range of 95-99 % [2].  On the other hand, very few polymeric membranes are 
used for the production of oxygen due to the stringent concentration requirement of more 
than 90 % O2 in industry, which cannot be produced economically by commercial 
polymeric membranes. However, they could be used in some rare instances, such as in 
furnaces and kilns whereby oxygen enriched air (OEA, O2 content < 30 %) is used to 
enhance combustion. Ideally, the new membrane materials with desired permeability (i.e., 
250 barrer) and the oxygen separation factor (i.e., 8~10) are needed to increase the 
practicability of membrane technology for industrial oxygen separation [19].  
 
1.4.2 Air Drying Membranes 
 
Removal of moisture/water vapor from air is needed in several consumer and industrial 
applications. Conventional practice by the use of refrigeration is not energy efficient as a 
substantial amount of energy is consumed in transforming water vapors to liquid water. 
Membrane systems are attractive for this application since most of polymers have higher 
water permeability than air. Generally, the selectivity of the membrane should be > 1000 
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for water/air in order to minimize the air loss [2]. Commercial membrane modules can 






 with dry compressed air to dew point as 
low as -40 
o
C at air pressure of 275-2050 kPa [2].   
 
1.4.3 Hydrogen Separation Membranes  
 
Hydrogen use is one of the biggest markets in industry with over 50 million tons of 
production worldwide annually in synthesis gas, ammonia and methanol production [2]. 
Steam methane reforming, where H2 is separated from CO2, is the most common method 
of making large scale hydrogen. Over years, hydrogen demand has increased steadily 
mainly ascribed to the increased use of hydrotreating and hydrocracking. Polymeric 
membranes are very good for hydrogen recovery application due to their feasible result of 
high selectivity and permeability for hydrogen separation. On the other hand, the 
membranes should be chemically robust, resistant to ammonia, hydrochloric acid, 
benzene, toluene and xylene (BTX) and operate at high temperature. Since the very first 
application of hollow fiber hydrogen separation membranes implemented in the ammonia 
synthesis loop in 1980, almost all ammonia synthesis loops utilize membrane systems for 
hydrogen recovery and recycle. The other applications of hydrogen separation 
membranes include refinery hydrogen recovery and natural gas reforming. In natural gas 
reforming process, hydrogen separation membranes may not be very economical for the 
H2/CO2 separation because most of the commercial membranes are hydrogen selective. 
The rubbery polymer membranes, which are selective for CO2 over hydrogen, might be 
an option. Nevertheless, the hydrogen selective membranes are suited to adjust the 
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synthesis gas (a mixture of CO and H2) ratio for different feed stock of some specific 
product synthesis.   
 
1.4.4 Natural Gas Upgrading Membranes  
 
As indicated previously, natural gas processing is another large potential market for 
membrane technology. Natural gas exists in nature with several impurities in it, such as 
CO2, N2, H2S, H2O, and C2-C4 hydrocarbons. In order to meet the pipeline specifications, 
all natural gas fields require some pre-treatment to remove those impurities. Most 
membrane systems are deployed for the removal of acid gases (i.e., SO2, H2S and CO2) 
from the natural gas field at the moment to reduce the heating value of natural gas, 
prevent corrosion of pipeline and freezing of CO2 that can clog equipment lines and 
damage pumps. The gas is generally at 20-80 bar pressure and 35-75 
o
C temperature. The 
first company broke into the natural gas processing industry in the 1980s, offering 
systems for carbon dioxide removal in competition with amine absorption. Table 1.2 lists 
major players for the supply of natural gas separation systems. Other related CO2/CH4 
separation applications may include the substitute natural gas/city gas, where the 
methanation and reforming of naptha or liquefied petroleum gases (LPGs) with 
generation of CO2 is always realized, coal bed methane, biomass systems and CO2 






Table 1.2: Major suppliers of membrane natural gas separation systems [9] 
 





Medal (Air Liquide) CO2 Hollow fiber Polyimide 
W.R. Grace CO2 Spiral-wound Cellulose acetate 
Separex (UOP) CO2 Spiral-wound Cellulose acetate 
Cynara (Cameron) CO2 Hollow fiber Cellulose acetate 
ABB/MTR CO2, N2, C3+ 
hydrocarbons 
Spiral-wound Perfluoro polymers 
silicon rubber 
Permea (Air Products) Water Hollow fiber Polysulfone 
 
 
1.4.5 Carbon Dioxide Separation Membranes  
 
With the great concern of global warming and severe climate changes, carbon dioxide 
(i.e., CO2) separation has a paramount importance in industry because the high proportion 
of CO2 contributes about 60 percent of global warming effects [8]. Beside the CO2 
separations by membranes from the hydrogen separation (i.e., H2/CO2 separation) and the 
natural gas upgrading (i.e., CO2/CH4 separation) described earlier, CO2 separation from 
the postcombustion flue gas is another major application. Table 1.3 summarizes the major 
CO2 separation processes, conditions and gas components. As can be seen, the 
postcombustion involves CO2 separation at a relatively low temperature (e.g., ~ 50 
o
C) 
and low pressure (e.g., almost atmosphere) and with low CO2 concentration (e.g., ~ 5-
15 %).  In a typical 600 MW coal-combustion power plant, the total CO2 emission of flue 





. However, due to the low pressure driving force of the gas mixture for gas 
separation membrane, it is essentially required to develop highly permeable even at low 
pressure and highly selective membranes to treat the enormous amount of 
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postcombustion flue gas from pulverized coal (PC) power plants. The current standalone 
membrane system may not be economical to treat postcombustion flue gas to capture 
CO2. A membrane/absorption hybrid system may be commercially viable in the future. 
 
Table 1.3: Comparison of major CO2 separation processes [2] 
 




Flue gas separation 
(Postcombustion) 
Objective Enrichment of 
methane for fuel 
Recovery of hydrogen 
with CO2 capture 




CO2: 20 -40% 









H2S, H2O, N2 








Pressure High (20-80 bar) High (20-60 bar) Low (0.9-1.5 bar) 
 
 
1.4.6  Organic Vapor Separation Membranes  
 
Membranes for organic vapor separation, which permit the transport of condensable 
vapor such as propane, butane, higher hydrocarbons, alcohols and water over non-
condensable gases of methane, ethane, nitrogen, hydrogen, etc., are another emerging 
area in industry. For economic reasons, membrane materials, involved in this application 
are rubbery polymers, such as poly-dimethyl siloxane (PDMS). The opportunities lie in 
the area of recovery of monomers in the polymerization processes, such as vinyl chloride 
monomer recovery in polyvinyl chloride manufacturing, ethylene recovery in ethylene 
oxide and vinyl acetate manufacturing, etc. other opportunities are in the recovery of 





C before delivery to the pipeline, treatment of resin degassing vent gas in polyolefin 
plants [20] and recovery of olefins from the polyolefin polymerization processes.  
 
1.5 GOALS AND ORGANIZATION OF THE DISSERTATION 
 
Although polymeric membranes have received great attention in industrial gas separation, 
it has yet gained a strong foothold in industrial gas separation applications. To compete 
with well-established conventional separation processes and extend their applications 
further, polymeric membranes should have good mechanical properties, thermal/chemical 
resistance, tolerance of plasticization and physical aging. Most importantly, polymeric 
membranes shall have ultra-high permeance and good selectivity in order to treat large 
volume of industrial gases. However, conventional polymers suffer from a well-known 
trade-off relationship for the gas permeability and selectivity. This is visualized as the 
higher permeability always comes with the lower gas-pair selectivity and vice versa [21].  
 
Over years, membrane scientists have been trying to improve both gas permeability and 
selectivity through various material designs, pre- and post-modification of membranes to 
overcome the upper bounds. In an effort to achieve enhanced membrane gas separation 
performance, the main objective of this research work was to tailor the membrane 
properties by postmodifying glassy polymeric membranes for various gas separation 
applications. The first work was based on a commercially available polyimide with 
incorporation of nanoparticles followed by Zn
2+
 ionic binding process for natural gas 
separation. The second and third works were carried out on a new type of self-
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synthesized polymer, called polymer of intrinsic microporosity (PIM) membranes. Two 
different modification methods were investigated. In fact, all the preceding three works 
were carried out on polymer dense films. Considering the great importance of hollow 
fiber for industrial use, fabrication of defect-free dual-layer hollow fiber membranes with 
an ultrathin dense-selective layer were also studied.  
 
This dissertation is organized and structured into eight chapters. Chapter One provides 
the general introduction of gas separation membrane, scientific milestone as well as the 
major applications of gas separation membrane in industry.  In Chapter Two, the 
background, which including the basic of solution-diffusion mechanism, gas transport 
mechanism, the structure of membrane and membrane module and configurations are 
discussed. Chapter Three documents the experimental approaches and methodologies 
along with the materials involved in all areas. Additionally, a detailed description of the 
membrane characterizations including both physical properties of membranes and gas 
transport properties is provided.  
 
Chapter Four reports the preparation of hybrid nanocomposite membrane with 
incorporation of nano-sized polyhedral oligomeric silsesquioxane (POSS
®
) Octa Amic 
Acid.  The changes in the physical properties of the hybrid nanocomposite membranes 
were monitored by SEM, EDX, DSC and XRD analyses. The postmodification was 
carried out by ionic binding process of Zn
2+
 onto the carboxylic groups of POSS
®
 Octa 
Amic acid. Additionally, the gas transport properties were discussed before and after the 




In Chapter Five and Six, the self-synthesized PIM-1 membranes underwent two types of 
post-treatments, namely thermally self-cross-linking and ultraviolet (UV) rearrangement 
for advanced gas separation applications. In the first part, it discusses the preparation of 
thermally self-cross-linked PIM-1 membranes via the inherent cross-linking reaction of 
aromatic nitrile groups to form triazine rings at the elevated temperature with a prolonged 
treatment time. The occurrence of cross-linking reaction with the formation of triazine 
rings were verified by FTIR, TGA, XPS and gel content analyses.  Additionally, both 
pure and mixed gas tests were performed on cross-linked PIM-1 membranes. The PAL 
result suggested that the increase in gas pair selectivity was attributed to the decrease of 
chain-to-chain spacing, while the increase in gas permeability was resulted from the 
contorted nature, rearrangement and pronounced inefficient packing of PIM polymer 
chains. In the second part, it describes the high-performance PIM-1 membranes for 
H2/CO2 separation via the postmodification of UV irradiation on PIM-1 dense films. The 
changes in both the physical and chemical properties before and after the UV radiation 
process were characterized by XRD, FTIR, NMR and PAL experiments. The detailed 
investigation and discussion are given in Chapter Seven.  
 
The general conclusions drawn from this research study are summarized in Chapter Eight. 
Recommendations for future works are proposed to consider further the industrial 
applicability of the developed membranes.   
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2.1 SOLUTION-DIFFUSION MECHANISM  
 
Depending on the membrane structures, that are either porous or nonporous, the gas 
transport mechanisms vary from one to another. The former is for the separation of gases 
on the basis of their molecular size through the small pores in the membrane matrix, 
typically by Poiseuille flow, Knudsen diffusion or Molecular sieving. On the other hand, 
most of commercial polymeric membrane applications are based on nonporous 
membranes which follow the transport mechanism of solution-diffusion. It is 
conceptually assumed that gas molecules at the upstream gas phase first adsorb into the 
membrane, then diffuse across it and finally desorb into the downstream gas phase side [1, 
2]. The transport of gas molecules through the nonporous polymer membrane occurs due 
to random molecular motion of individual molecules. The driving force behind the 
transport process (i.e., solution-diffusion mechanism) is the concentration difference or 
the chemical potential of the penetrant in the phases separated by the membrane.  
 
This process can be described in terms of Fick’s first law of diffusion. According to the 









              (2.1) 





















                          (2.2) 
where l is the membrane thickness. In gaseous phase, concentration is proportional to the 
applied pressure, and the concentration is defined as solubility by Henry’s law. Therefore, 
equation (2.2) is arranged to the following:  
pSc                 (2.3) 






], p is the applied pressure (cmHg). 






               (2.4) 
where p1 and p2 are the ambient pressures on two sides. Permeability of a gas molecule is 
obtained as the product of diffusion coefficient (i.e., diffusivity) through membrane and 
solubility coefficient (i.e., solubility) of gases as follows: 
SDP                 (2.5) 
where P is permeability of gas molecule in Barrer (1 Barrer = 1×10−10 cm3 (STP) 
cm/cm
2 
s cmHg). Also, selectivity of binary gas mixture between a membrane material 














               (2.6) 
where PA and PB are permeability of gas A and B, respectively. DA/DB and SA/SB are 






2.2 TRANSPORT PHENOMENA IN DIFFERENT POLYMERIC SYSTEMS 
2.2.1 Gas Transport in Rubbery Polymers 
 
Polymers could be classified as either rubbery or glassy polymers based on their glassy 
transition temperature (i.e., Tg). Generally, a polymer is recognized as rubbery polymer if 
its Tg is well below the room temperature. Otherwise, the polymer is glassy in 
characteristics. In rubbery polymers, the important characteristics are unsaturation, 
segmental mobility and the large amount of free volume between molecules. The gas 
transport is in a hypothetical thermodynamic equilibrium liquid state and is similar to the 
sorption of gases in low molecular weight liquids. The gas solubility simply obeys 
Henry’s law as described in equation (2.7), and the diffusion follows Fick’s law. Based 
on characteristics of rubbery polymer the following equations could be derived:  
pkC D                (2.7) 
DkSDP D               (2.8) 
  
The diffusion coefficient is generally independent of gas concentration (i.e., upstream 
pressure), especially at low penetrant concentration. For highly sorbing gases (e.g., gases 
at high pressure), penetrant concentration in the polymer may deviate from Henry’s law. 
This, on the other hand, can often be predicted by the Flory-Huggins equation [3]:  
2)1()1(lnln               (2.9) 
where α is penetrant activity, which is equal to penetrant pressure in contact with the 
polymer divided by penetrant vapor pressure for ideal gases. The volume fraction of 
penetrant dissolved in the polymer is ϕ, and χ is the Flory-Huggins interaction parameter. 
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2.2.2 Gas Transport in Glassy Polymers  
 
Glassy polymers are characterized by hard and brittle moiety with restricted chain 
mobility due to their high glass transition temperatures. Unlike rubbery polymers, glassy 
polymers are in a non-equilibrium state, which makes the diffusion in glassy polymers 
more complex compared to that in rubbery polymers. One of the most widely used 
approaches to describe the diffusion of gas molecules in glassy polymers is the dual-
mode sorption model [3, 4].  This model is based on two types of sorption in glassy 
polymers, namely: (1) ordinary dissolution mechanism described by linear Henry’s law 
expression (i.e., equation (2.10)) and (2) a “hole-filling” process described by Langmuir-
type sorption (i.e., equation (2.11)), which is illustrated in Figure 2.1. The overall dual-
mode sorption model is described in equation (2.12).  
















          (2.12) 
where C is the total gas concentration in a glassy polymer, CD and CH are the gas 
concentration based on Henry’s law sorption and Langmuir sorption, respectively. kD is 
the Henry’s law coefficient, C’H and b are the Langmuir capacity parameter and the hole 
affinity parameter, respectively. The kD parameter represents the penetrant dissolved in 














          (2.13) 
where S is the solubility of penetrant, SD and SH are solubility values based on Henry’s 
law and Langmuir-type sorption, respectively. In general, gas solubility in glassy 
polymers is higher than that in rubbery polymers. This is presumably resulted from the 









2.2.3 Factors Affecting Gas Transport Properties 
2.2.3.1 Penetrant Size and Shape 
 
The size of penetrant has the most impact on diffusion coefficient (i.e., diffusivity). 
Generally, the diffusion coefficient increases as gas molecule size decreases. Over years, 
researchers have found a linear relationship of the logarithm of diffusion coefficient with 
d
2
, where d is a characteristic dimension of a penetrant molecule, typically represented by 
the kinetic diameter of gas molecules as shown in Table 2.1 [5-7].  Considering the 
penetrants of varying size and shape, the gas diffusion coefficient could be more 





D               (2.14) 
here τ and η are polymer-dependent parameters, and VC is the penetrant critical volume. 
On the other hand, the diffusion coefficient is also sensitive to penetrant shape. For 
example, the diffusivity of linear molecules such as CO2 is higher than that of spherical 
molecules of equivalent molecular volume [10].  
 
Table 2.1: Gas properties in correlating sorption and transport properties [7] 
   
Properties H2 O2 N2 CH4 CO2 
Kinetic diameter (Å) 2.89 3.46 3.64 3.8 3.3 
Critical temperature (K) 33.2 154.6 126.2 190.6 304.2 
Critical volume (cm
3






2.2.3.2 Penetrant Condensability 
 
On the other hand, the gas solubility coefficient (i.e., solubility) is most affected by the 
penetrant condensability. The convenient measure of penetrant condensability is 
represented by critical temperatures of penetrant gases. The typical trend is that the 
penetrant solubility increases with an increase in critical temperature of that penetrant gas. 
For example, in most polymers, CO2 (Tc = 304.2 K) is more soluble than other gases such 
as CH4 (Tc = 190.6 K) and O2 (Tc = 154.6 K).  
 
2.2.3.3 Operating Temperature 
 
Sorption is a thermodynamic factor and involves gas dissolution into the polymer in 
addition to adsorption on the surface. The dissolved amount typically is much larger than 
the adsorbed amount. Diffusion is a kinetic factor and is related to how fast a gas 
molecule can pass through the membrane. Both are activated energy processes and 
affected substantially by temperature with the following relationships:  
 RTEDD do  exp            (2.15) 
 RTHSS so  exp            (2.16) 
 RTEPP po  exp            (2.17) 
where Ed is the activation energy of diffusion, ΔHs is the heat of sorption, and Ep = Ed + 
ΔHs. Generally, diffusion coefficient (D) increases with an increase in temperature, 
yielding positive activation energy (Ed) for diffusion. And solubility decreases with an 
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increase in temperature, resulting in a negative heat of sorption (ΔHs). Since Ed + ΔHs  > 
0, diffusion coefficient is a stronger function of temperature than the solubility coefficient, 
hence gas permeability increases with temperature [11, 12].  
  
2.2.3.4 Operating Pressure 
 
The upstream pressure is another factor affecting the gas transport properties. In rubbery 
polymers, there is linear sorption isotherm obeying Henry’s law for light gas (e.g., H2, N2, 
O2, and CH4) at essentially all pressures of practical interest. In other words, the sorption 
ability increases linearly with an increase in pressure.  For more condensable gases (e.g., 
C O2, and hydrocarbons), the non-linear sorption isotherm is always observed, which is 
convex to the pressure axis and is described by Flory-Huggins equation as shown in 
equation (2.9). In glassy polymers, the dual-mode sorption isotherm model (i.e., equation 
(2.12)) could well explain the relationship between the pressure and gas sorption ability. 
Typically, the solubility decreases slightly with an increase in pressure in glassy 
polymers.  
 
The effect of pressure on diffusivity could be elaborated based on low-sorbing penetrant 
gases and condensable gases too. For low-sorbing permanent gases, the diffusion 
coefficients are usually independent of gas concentration in the polymer. In consensable 
gas penetrants, two possible mechanisms could be observed: Flory-Huggins behavior is 
accompanied by an increase in D, whereas clustering phenomena lead to reduced 




In overall, the permeability of low-sorbing penetrants exhibits little or no change in 
permeability with increasing pressure. In condensable gases, the gas permeability may 
increase with increasing pressure due to the plasticization effect. A similar effect could 
also be observed in rubbery polymer such as Poly-dimethyl Siloxane (PDMS) [15]. In 
glassy polymers, the dual-mode sorption predicts a decrease in permeability with 
increasing pressure for CO2 such as in polycarbonate [16].  
 
2.2.3.5 Glass Transition Temperature 
 
In rubbery polymers, the effect of the Tg on gas permeability and diffusivity are 
especially evident.  This is mainly ascribed to the creation of transient free-volume 
elements of segmental mobility that allow gas diffusion through the polymer to occur. 
The general trend is that the lower the Tg, the higher the gas diffusivity and permeability, 
while the S values are essentially independent of Tg.  In glassy polymers, increasing Tg 
often results in decreases in P and D [17].  
 
2.2.3.6 Polymer Structure/Chain Mobility 
 
As has been mentioned, permeability and diffusivity coefficients in rubbery polymers are 
strongly influenced by their glass transition temperatures, and Tg values are sensitive to 
the main- and side-chain structure of elastomers. For example, in polysiloxanes, as the 
silicon atom substitutes become larger, glass transition temperature increases, and 
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permeability coefficients decrease [18].  Whereas, if the main chain oxygen atom in 
siloxane is replaced by a methylene group, there is increase in Tg and reduction in 
permeability [18]. In glassy polymers, increasing the size of side-groups, sometimes, 
increases free volume and gas permeability [19].  
 
2.2.3.7 Fractional Free Volume  
 
Permeability is sensitive to various parameters that characterize chain packing of polymer 
matrix. The most relevant measure of chain packing efficiency is free volume. According 









                 (2.18) 
here Ao is a pre-factor, Vf is the average free volume in the system, γ is a parameter of 
order unity introduced to prevent double counting of free-volume elements in the theory 
leading to this equation, and V
*
 characterizes the size of diffusing molecules. γV* is 




According to Bondi, the specific free volume in a polymer, C (cm
3
/g) is the difference 
between the specific volume of a polymer, Vsp = 1/ρ, where ρ (g/cm
3
) is the polymer 
density, and its occupied volume, Voc, which is proposed as 1.3Vw, where Vw is the sum of 
the increments of van der Waals volumes [21, 22]. Hence,  
wspf VVV 3.1             (2.19) 
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On top of this, a dimensionless reduced value of the free volume, called the fractional 
free volume FFV = Vf / Vsp. On the other hand, the effect of free volume on solubility is 
generally much weaker than on diffusivity. Therefore,  
fSPSPf VVBVVBFFVB AeAeAeD
/)()//(/            (2.20) 
In general, the diffusivity coefficient increases with the increase in free volume, and so 
for permeability coefficient.  
 
2.3 MEMBRANE STRUCTURES  
 
Gas separation membranes are largely grouped into porous and non-porous membranes. 
The ultimate gas transport properties are significantly affected by the structural 
characteristics of membranes. Since the molecular size of a gas is only a few Å as shown 
in Table 2.1, even non-porous membranes can be permeated through by those small 
molecules, not mentioning the porous membranes with pore sizes of tens of Å. Thus, in 
practical gas separation application, non-porous membranes account for the majority of 
practical use. Porous membranes are described briefly here for reference.  
 
2.3.1 Porous Membranes 
 
The porous membranes perform separation by taking advantage of differences in the 
permeability of gases to open pores in membranes. Typically, those membranes exhibit 
straight pores or nearly straight pore across the membrane. Depending on the type and the 
membrane’s pore size, the gas transport properties could be explained by Poiseuille flow, 
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Knudsen diffusion or Molecular sieving. The Poiseuille flow is known as viscous flow 
that occurs when the mean pore diameter is much larger than the mean free path of the 
gas penetrants (e.g., pore size dp > 10 µm and the flux is proportional to r
4 
where r 
indicates the mean channel radius). In Knudsen diffusion, the pore size is generally less 
than the mean free path of the gas molecules [23].  In this case, the penetrant gas 
molecules tend to interact with the pore walls much more frequently than with one 
another. This in fact is the rate-determining factor and from the kinetic theory of gases, 





rvrD 97667.0             (2.21) 
where the average pore radius is given by r (m), v is the average molecular velocity (m/s) 
and T is the operating temperature. Whilst, the highest attainable separation factor 
between two different gas molecules A and B equals to the square root of the ratio of the 








             (2.22) 
However, due to the relatively low gas selectivity, the Knudsen diffusion dominant 
membranes are not attractive in industry.  
 
Gas transport by Molecular sieving mechanism is accomplished by using a porous 
membrane with intermediate pore size as the sieve to precisely discriminate between gas 
molecules. This type of membrane is ideal in gas separation due to their higher 
productivity and selectivity than solution-diffusion membranes [25]. However, in reality, 
it is not easy to find ideal porous membranes with pore sizes limited down to a few Å.  
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Typical membranes dominated by Molecular sieving mechanism are seen in carbon 
molecular sieve membranes (CMSMs) and zeolites [26-29]. However, those membranes 
are generally fragile. Commercial application of porous membranes for gas separation 
has not been realized.   
 
2.3.2 Nonporous Membranes 
 
The membranes currently used in most commercial applications are nonporous 
membranes which operate based on solution-diffusion mechanism. Depending on 
whether the morphology of the membrane is the same across the entire thickens of the 
membrane, membranes can be classified as symmetric or asymmetric.  
 
Symmetric membranes have a homogeneous structure, composition and uniform density 
across the membrane thickness. The rate of gas transport is inversely proportional to the 
membrane thickness. Thus, it is desired to produce membrane with the thinnest 
membrane thickness the possible. However, the thin stand-alone membrane does not 
exhibit mechanical integrity for industrial gas separation application. A practical solution 
is to fabricate an asymmetric or composite membrane where the thin separating layer is 
directly integrated on top of porous support layer. The role of thin functional layer is to 
separate different gas species with minimum flow resistance, while the support layer is to 
mechanically support the functional layer and should be porous enough to eliminate the 
transport resistance of the penetrants [30, 31]. A typical example of this type of 
asymmetric membranes is called hollow fiber. By traditional dry-jet wet-spinning process 
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with the phase inversion mechanism, defect-free asymmetric membrane with an ultrathin 
dense-selective layer (i.e., dense layer thickness of less than 100 nm) superimposed on 
the porous supporting sub-layer could be fabricated at one step [32-34].  
 
2.4 DESIGN OF MEMBRANE MODULES FOR GAS SEPARATIONS  
 
In order to handle large amount of industrial gas feed and apply membranes on a 
technical scale, large membrane areas are required. Thus, it is desired to pack membrane 
area into a small unit, called membrane module and this, in fact, is the central part of a 
membrane installation setup [1]. The design of the membrane module needs to be 
carefully chosen for each separation process and operational conditions. Unlike 
membranes in water/wastewater treatment process, the cleaning is of less importance in 
gas separation. The main interest of module design is a high packing density such that a 
high ratio of membrane area to module volume is feasible to minimize manufacturing 
costs. There are three major module types for gas separation processes, plate-and-frame, 
spiral-wound, and hollow fiber [23].  
 
2.4.1 Plate-and-frame Modules 
 
Plate-and-frame module is one of the earliest versions of membrane modules and is still 
used in filtration process. Due to its lower membrane area per unit volume 
accommodated, Plate-and-frame module is much less popular than spiral-wound and 
hollow fiber modules for gas separation applications. The configuration of plate-and-
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frame module is conceptually simple and has a spacer sandwiched in between two 
membranes with sealing rings and two end plates. The typical packing density (i.e., 





There is minimal use for industrial gas separation application and the only notably 
application is for oxygen enrichment from air for small scale medical application [35].   
 
2.4.2 Spiral-wound Modules 
 
The spiral-wound module is the next logical step from a flat membrane. It is an advanced 
version of plate-and-frame system that wrapped around a central collection pipe, similar 





 than that in plate-and-frame module. In operation, the feed gas flows 
outside the membrane envelop and the permeate is collected on the inside of envelop and 
spirals into the central permeate collection pipe. Spiral-wound is considered to be a 
simple and cost effective construction for gas separation applications in industry. 
According to Baker [36], there is total up to 20 % spiral-wound modules in commercial 
gas separation membranes.  
 
2.4.3 Hollow Fiber Modules 
 
Hollow fiber modules by far, is the most favorable design in industry due to its high 




 [1, 37]. In a typical hollow fiber module, there may 
be thousands of hollow fibers assembled together. Each hollow fiber consist of a thin 
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functional layer (e.g., typically < 100 nm) and a porous, non-selective support layer. The 
free ends of the fibers are potted with agents such as epoxy resins. Self-supporting is 
another big advantage in hollow fiber membranes. However, the major drawback 
associated with hollow fiber modules is the significant pressure drops at the permeate 
side, which might require additional energy to compress the wanted permeate gas for 
transportation. So far, up to 80 % of the commercial gas separation membranes are made 
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In this chapter, the experimental work mainly consisted of four parts as follows are 
described:  
 
1. Fabrication of hybrid POSS®-Matrimid®-Zn2+ nanocomposite dense films for the 
separation of natural gas. 
2. Development of high-performance thermally self-cross-linked polymer of 
intrinsic microporosity (PIM-1) membranes for energy development. 
3. Fabrication of the UV-rearranged PIM-1 polymeric membranes for advanced 
hydrogen purification and production. 
4. Development and positron annihilation spectroscopy (PAS) characterization of 
polyamide imide (PAI)-polyethersulfone (PES) based defect-free dual-layer 
hollow fiber membranes with an ultrathin dense-selective layer for gas separation.  
 
Additionally, the detailed material section, the membrane fabrication techniques and 
the material characterization tools are introduced in this chapter. The experimental 
introduction and the motivation of the abovementioned work may not be clear at this 







All polymer-based materials chosen in this work are glassy type polymers with high glass 
transition temperatures (e.g., Tg > 200 
o
C), which possibly enables the application of 
those membranes in harsh testing environment of high temperature and pressure in 
industry. In Chapter Four, a commercially available polyimide, Matrimid
®
, obtained from 
Vantico Inc. (Michigan, USA), was chosen as the polymeric material because of its high 
Tg, good processability and superior combination in selectivity and permeability [1]. In 
Chapter Seven, another type of polyimide, Torlon
®
 4000TF polyamide imide (PAI) was 
used as the outer material of dual-layer hollow fibers due to its superior mechanical, 
thermal and oxidative properties and very good gas separation properties [2]. 
Polyethersulfone (PES), a commercially available and relatively cheaper polymer than 
PAI, was used as the inner supporting material for the dual-layer hollow fibers. Both 
polymers were purchased from the Solvay Advanced Polymers (Georgia, USA). All 
polymers were dried at 120 
o
C under vacuum to remove moisture prior to use. 
 
In Chapter Five and Six, a novel class of high performance materials, polymers of 
intrinsic microporosity (PIMs) was used. The PIMs possess unusually high free volume 
and high surface area mainly ascribed to their special ladder-type structures with 
contorted sites that prevent rotation of polymer chains and efficient spacing packing [3-5]. 
Among all the PIMs, PIM-1 is one of the most well-known types for membrane gas 
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separation [3-5]. It was synthesized in our laboratory and the details for the synthesis of 
PIM-1 will be discussed in the later section of this chapter.    
 
The physical properties, which including the chemical structures, glass transition 
temperatures, and densities for these polymeric materials are shown in Table 3.1.  
 














Polyhedral oligomeric silsesquioxane (POSS
®
) is an organic/inorganic hybrid material 
which has a cage-like rigid nanostructure with a formula of [RSiO3/2]n, n = 6 -12, where 
R is various types of organic groups such as alkyl, olefin, alcohol, acid, amine, epoxy and 
sulfonate. It possesses very high flexibility to be functionalized, thus creating an excellent 
compatibility and dispersibility at the molecular level in diverse polymer matrices [7].  
The POSS
®
 particle involved in this study was POSS
®
 Octa Amic Acid that has eight R-
group of Amic Acid. It was purchased from Hybrid Plastics Inc. (Hattiesburg, USA) with 
a product number of CA0298. The chemical structure of this nanoparticle is shown in 
Table 3.1 and it was dried overnight at 80 
o




The other chemicals involved are as follows: N-methyl-2-pyrolidone (NMP, >99.5%), 
methanol (MeOH, ≥99.9%), n-hexane (≥95%) tetrahydrofuran (THF, ≥99.0%), 
diethylene glycol (DG, ≥99%), and zinc chloride (ZnCl2, reagent grade, ≥98%) supplied 
by Merck Inc., were used without further purification. On the other hand, for PIM-1 
polymer synthesis, NMP was further purified via distillation prior to use. Anhydrous 
potassium carbonate (K2CO3, ≥99%) that used as the catalyst in the synthesis of PIM-1 
was obtained from Sigma-Aldrich and used as received. Dichloromethane (DCM, 
99.99%) and hydrochloric acid (HCl, 37.5%) were purchased from Fisher Scientific and 











NANOCOMPOSITE DENSE FILMS FOR THE SEPARATION OF 
NATURAL GAS 
 3.2.1 Preparation of Hybrid POSS
®–Matrimid® Nanocomposite Membranes 
 
Flat dense hybrid POSS
®–Matrimid® nanocomposite membranes were fabricated via a 
solution-casting technique. In detail, a designated amount of POSS
®
 Octa Amic Acid was 
first dissolved in NMP. The intermittent sonication was applied to ensure the 
homogeneous dispersion of POSS
®
 particles. After that, Matrimid
®
 power was slowly 
added into the solution until a total polymer concentration of 20 wt%. The polymer 
solution was stirred overnight, put into vacuum oven for 4 h to remove possible moisture 
and air bubble, and then casted on glass surface at room temperature. It was placed into a 
preheated vacuum oven at 170 
o
C under nitrogen purge. After 1 h, the polymer film was 
peeled off from the glass plate, and placed back into vacuum oven. The oven temperature 
was raised from 170 to 200 
o
C at a rate of 10 
o
C/h and held overnight. On the next day, 
the temperature was increased to 250 
o
C at the heating rate of 0.5 
o
C/min and held for at 
least 12 h. Lastly, the film was cooled down naturally to room temperature for use. The 
membranes with various weight concentrations of POSS
®
 Octa Amic Acid were casted to 
study the effect of POSS
®
 loadings on the gas separation performance. Moreover, the 
pure Matrimid
®
 dense membrane was prepared by the same procedure for easy 
comparison with hybrid POSS








 Nanocomposite Membranes 
 
The hybrid nanocomposite membrane containing 20 wt% POSS
®
 Octa Amic Acid was 
treated with a dipping technique for ionic binding. In detail, a stipulated molar 
concentration of ZnCl2/MeOH solution was prepared by dissolving zinc chloride into 
methanol.  The membrane aforementioned was then cut into a piece of 3-cm-diameter 
disk and immersed in the ZnCl2/MeOH solution at ambient temperature. After one day, 
the membrane disk was removed from the mother liquor and patted dry with the lint-free 
cloth. Subsequently, the membrane disk was dried under vacuum at 80 
o
C overnight to 
remove any residual methanol. Finally, the membrane was cooled naturally to the room 





 nanocomposite membranes treated with 0.1M, 0.2M or 0.3M 


























membrane with ZnCl2 
 
 
3.3 DEVELOPMENT OF HIGH-PERFORMANCE THERMALLY SELF-
CROSS-LINKED POLYMER OF INTRINSIC MICROPOROSITY (PIM-1) 
MEMBRANES FOR ENERGY DEVELOPMENT 
 
3.3.1  Synthesis of PIM-1 
 
The synthesis of PIM-1 is based on polycondensation of 5,5’,6,6’-tetrahydroxy-3,3,3’,3’-
tetramethyl-1,1’-spirobisindane (TTSBI, 97%) with 2,3,5,6-tetrafluoroterephthalonitrile 
(TTSBI, 99%) [8, 9]. Figure 3.2 illustrates the general synthesis route of PIM-1. A 
stoichiometric amount of anhydrous K2CO3 was added to a mixture consisting of 
equimolar amounts of TFTPN and TTSBI dissolved in NMP under a nitrogen atmosphere 
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with vigorous stirring. After 30 min of nitrogen purging to remove air and moisture, the 
reaction solution was immersed into a preheated 60 °C oil bath for 24 h. Upon cooling, 
the mixture was added to MeOH and the crude product was collected by filtration. The 
crude product was then washed with 0.1 wt% HCl at 70 °C for at least 2 h. The 
fluorescent yellow solid was filtered off and washed with fresh water until the solution 
was neutral. It was then washed with MeOH, dissolved in DCM, reprecipitated from 
MeOH again and vacuum-dried at 120 °C for at least 24 h, yield of approximately 87 % 






H NMR (400 
MHz, CDCl3-d6, δ): 1.2−1.4 (br. m, 12H; CH3), 2.1−2.4 (br. m, 4H; CH2), 6.4 (br. s, 2H; 
CH), 6.8 (br. s, 2H; CH). 
13
C NMR (100 MHz, CDCl3, δ): 109.4 (−CN). 
19
F NMR (376 
MHz, CDCl3, δ): 0 (F). FTIR (ATR): 2237 cm−1 (−CN), 2800−3000 cm−
1
 (H−C−H); 
Anal. Calcd (XPS elemental analysis) for PIM-1 (C29H20N4O2): C, 79.10; N, 6.36; O, 










3.3.2  Dense Membrane Preparation  
 
A 2% (w/w) of polymer solution was prepared by dissolving readily soluble PIM-1 
powder in DCM. The polymer solution was filtered using a 1.0 μm Whatman’s filter 
before ring casting onto a silicon wafer plate at room temperature (i.e., 25 ± 2 °C) to 
allow slow evaporation of the solvent. Dense membranes were formed after 
approximately 5 days. The nascent dense films were then soaked in MeOH to remove 
prior membrane formation history and any residual possible solvents and dried in a 
vacuum oven at 120 °C to remove the residual solvent. Membranes with the thickness of 
55 ± 5 μm were used for further studies. 
 
3.3.3  Thermal Cross-Linking Treatments 
 
The thermal cross-linking treatments of PIM-1 dense films were performed using a 
Centurion Neytech Qex vacuum furnace. The vacuum furnace temperature was raised to 
between 250 and 300 °C at a rate of 10 °C/min and held for a period of 0.5 to 2 days. 
After the thermal cross-linking treatment process, the membranes were cooled naturally 
in the vacuum furnace to room temperature and stored in a drybox for further studies. A 
clear coloration from yellow to dark brown and black color could be observed for the 
thermal-treated membranes depending on the duration and temperature of thermal 
treatments. In addition, all membranes after thermal treatments were flexible and tough 
enough for characterization and gas permeation measurements. The weights before and 
after the thermal treatment process of each membrane were measured and no obvious 
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weight loss was observed (i.e., <2 wt %). The membrane dense films were labeled as 
“PIM-temperature-duration (day)”, for example, PIM-300−0.5d. 
 
 
3.4 FABRICATION OF THE UV-REARRANGED PIM-1 POLYMERIC 
MEMBRANES FOR ADVANCED HYDROGEN PURIFICATION AND 
PRODUCTION 
3.4.1  UV Irradiation Treatments 
 
The UV irradiation treatments of PIM-1 dense films were performed using a UV-
generating equipment (Vilber Lourmat Corporation, Marne-la-vallée Cedex1, France, λ = 
254 nm). The dense films were sandwiched in between two quartz plates and kept 2 cm 
away from the UV-bulb (BLX-254 58w-254nm) for a period of 10 min to 4 hr. After the 
UV irradiation treatment process, the membranes were stored in a dry box prior to 
permeation and characterization studies. The membrane dense films were labeled as 
“PIM-UV-duration”, for example, PIM-UV-10min. 
 
3.5 DEVELOPMENT AND POSITRON ANNIHILATION SPECTROSCOPY 
(PAS) CHARACTERIZATION OF POLYAMIDE IMIDE (PAI)-
POLYETHERSULFONE (PES) BASED DEFECT-FREE DUAL-LAYER 
HOLLOW FIBER MEMBRANES WITH AN ULTRATHIN DENSE-
SELECTIVE LAYER FOR GAS SEPARATION  




The composition of the outer-layer dope was PAI/
 
NMP/THF (i.e., 31/54/15 wt%). THF 
was used as a non-solvent due to its low boiling point (i.e., 66 
o
C) and high vapor 
pressure (i.e., 129 mmHg at 20 
o
C) [10]. During the spinning process, it is anticipated that 
THF would facilitate mutual solvent-solvent exchange rate and expedite the phase 
separation process. The composition of the inner-layer dope (i.e., PES/NMP/DG) was 
adjusted from 27/42/31 wt% to 32/48/20 wt% to achieve a morphological integrity 
consisting of a fully porous inner layer and minimal delamination structure for dual-layer 
hollow fiber membranes. DG was used as an additive in the inner-layer dope to create 
pores, hence reducing the sub-layer resistance and optimizing the total flux of gases.   
 
3.5.2 Spinning Process and Solvent Exchange 
 
The polymeric dual-layer hollow fiber membranes were fabricated via a traditional dry-
jet wet-spinning process using a dual-layer spinneret described in Table 3.2. The 
schematic experimental set-up is illustrated in Figure 3.3. By applying pressure from the 
syringe pumps, the dope solution was extruded through the channels of the spinneret, and 
exited at the orifice to form the nascent hollow fibers, while a bore fluid was extruded at 
the same time from the center channel of the spinneret to form the bore or the lumen. The 
extruded fiber-shape solution were first passed through the air-gap region (i.e., 2.5 cm), 
then entered the coagulant bath that filled with tap water (i.e. temperature of 25 ± 1
o
C), 
and finally collected by the take-up drum. Both the outer-layer dope flow rates and take-
up rates were varied to obtain optimal spinning conditions for the fabrication of defect-
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free dual-layer hollow fiber membranes, while the bore fluid composition was 
NMP/water (i.e., 90/10 wt%). During the spinning, the inner-layer and bore fluid flow 
rates were kept unchanged at 2 and 1 ml/min, respectively.  The spinning experiments 
were carried out at ambient temperature (i.e., 25 ± 1
o
C).  The detailed variation of both 
outer-layer dope flow rates and take-up rates are listed in Table 3.2.  
 
The as-spun dual-layer hollow fibers were immersed in tap water for three days. The 
fibers were then solvent-exchanged with fresh methanol for three times and then with 
fresh n-hexane for another three times. After that, the dual-layer hollow fibers were dried 
in the air at ambient temperature (i.e., 25±1 ◦C with relative humidity of 60±5%) prior 
to use. 
 
Table 3.2: Dual-layer PAI
 








Figure 3.3: Schematic diagram of the lab-scale hollow fiber spinning line [11] 
 
3.5.3 Calculation of the Elongational Rate 
 
The elongational rates in s −
1
 at various take-up speeds for dual layer hollow fiber 












ln                          (3.1) 
where VL is the take-up speed in cm/s, V is the velocity of nascent hollow fiber at the exit 






3.6 CHARACTERIZATION OF PHYSICAL PROPERTIES 
3.6.1 Brunauer-Emmett-Teller (BET) 
 
The pore size distribution and surface area of either nanoparticle or polymer material 
were measured by a high speed gas sorption analyzer (BET, NOVA 3000 series), where 
nitrogen was served as the adsorbate. A stipulated amount of testing material was 
degassed at 60 ◦C overnight under the continuous N2 sweeping environment to remove 
the moisture prior to analysis. The desorption branch of the isotherm with Barrett, Joyner 
and Halenda (BJH) method was adopted for the computation of the pore size distribution, 
while the standard multipoint Brunauer-Emmett-Teller (BET) method was used for the  
analysis of surface area.  
 
3.6.2 Thermogravimetric Analysis (TGA) 
 
The thermal degradation of the polymeric membranes was monitored by 
thermogravimetric analysis (TGA) with a TGA 2050 themogravimetric Analyzer (TA 
Instruments). The analyses were carried out with a ramping rate of 10 °C/min at 
temperatures ranging from 50 to 800 °C. Nitrogen was used as the purge gas and its flow 







3.6.3  Differential Scanning Calorimetry (DSC) 
 
The glass transition temperature (Tg) was measured by a Mettler Toledo Differential 
Scanning Calorimetry (DSC822e). The heating and cooling rates were 10 °C/min. The 
measurements were conducted in a dry nitrogen environment with a flow rate of 20 
ml/min. Two heat cycles of each membrane were performed and the glass transition 
temperature was determined from the second heat cycle by analyzing the inflection point 
of heat flow versus temperature with the onset method.  
 
3.6.4  Wide Angle X-ray Diffraction (WAXD) 
 
The ordered dimension and inter-chain spacing of various membranes were measured by 
XRD (D8 series, GADDS (general area detector diffraction system), Wisconsin, USA) at 
ambient temperature. In the test, Ni-filtered Cu Kα with a radiation wavelength λ = 1.54 
Å was used. The average d-space was evaluated based on the Bragg’s law as shown in 
equation (3.2): 
 sin2dn                                   (3.2) 
where n is an integer (1, 2, 3, . . .), λ denotes the X-ray wavelength, d represents the 
intersegmental spacing between two polymer chains and θ stands for the X-ray 






3.6.5  Fourier Transform Infrared Spectrometer (FTIR) 
 
The chemical bonds in the polymer and the change of chemical structure before and after 
the membrane film modification process were monitored by FTIR analyses. The FTIR 
measurements were performed using an attenuated total reflection mode (FTIR-ATR) 
with a Perkin-Elmer Spectrum 2000 FTIR spectrometer. Each sample was scanned 32 
times. 
 
3.6.6  X-ray Photoelectron Spectrometer (XPS) 
 
An X-ray photoelectron spectrometer (XPS) was utilized to monitor the chemical before 
and after the chemical modification of the relevant membrane films. They were carried 
out on an AXIS HSi spectrometer (Kratos Analytical Ltd., England) using a 
monochromatic Al Kα X-ray source (1486.6 eV photons) at a constant dwell time of 100 
ms and a pass energy of 40 eV under full vacuum. The anode voltage and anode current 
were 15 kV and 10 mA, respectively. All core-level spectra were obtained at a 
photoelectron takeoff angle of 90 ◦with respect to the sample. 
 
3.6.7  Nuclear Magnetic Resonance (NMR) 
 
Nuclear magnetic resonance (NMR) analyses were carried out to confirm the chemical 
structure of the synthesized PIM-1 and the UV-rearranged PIM-1. It was conducted using 











H NMR spectra (1D, homonuclear decoupling), 
19
F 
NMR spectra and 
13
C NMR spectra were obtained from the PIM-1 sample dissolved in 
CDCl3 using a 5 mm BBO (broadband observe) probe and chemical shifts are given in 
parts per million units. 
 
3.6.8  Gel-Permeation Chromatography (GPC) 
 
The molecular weight of the synthesized PIM-1 polymer was determined by gel-
permeation chromatography (GPC) measurements. It was carried out on a HP 1100 
HPLC system equipped with the HP 1047A RI detector and Agilent 79911GP-MXC 
columns. THF was used as the solvent and the flow rate was controlled at 1.0 mL/min. 
The PIM-1 powder was dissolved in THF at a concentration of 0.005 wt %. The 
molecular weight was estimated by comparing the retention times in the column to those 
of polystyrene standards. 
 
3.6.9  Gel Content Analysis  
 
The gel content of the modified membrane films was determined by soaking the 
respective membranes into DCM solvent for 24 h. The remaining insoluble portions of 
the membranes were dried under vacuum at 120 °C for 24 h to remove residual solvent 






ContentGel             (3.3) 
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where M0 and M1 are the weights of the modified membrane before and after soaking in 
DCM, respectively. 
 
3.6.10  Scanning Electron Microscope (SEM)  
 
The surface and cross-section morphology of either the flat sheet membrane or the 
hollow fibers were monitored by the scanning electron microscope (SEM). Depends on 
the requirement, either scanning electron microscope (SEM JEOL JSM-5600LV) or field 
emission scanning electron microscope (FESEM JEOL JSM-6700F) was used. The 
samples for the cross-section characterization were fractured in liquid nitrogen. After 
mounting all the specimens on the stub using a double-side conductive carbon adhesive 
tape, the specimens were further dried under vacuum overnight. All samples were sputter 
coated with platinum of 200-300 Å in thickness using JEOL JFC-1300 Ion Sputtering 
Device before testing. 
 
3.6.11 Energy Dispersion of X-ray (EDX) 
 
The SEM samples were also used to measure their surface or cross-section elemental 
content by Oxford Inca energy dispersion of X-ray (EDX, Oxford Instruments Inca, 






3.6.12 Density Measurement and Fractional Free Volume (FFV) 
 
The densities of various dense films were determined using a Mettler Toledo balance and a 









                 (3.4) 
where ρ is the density of the film, ρo is referred to the density of the auxiliary liquid. In this 
study, hexane was used as the auxiliary liquid. Wair and Wliq are denoted as the weights of the 
film in the air and auxiliary liquid, respectively. 
 





               (3.5) 
where V is the specific volume of the polymer calculated from the measured density. Vo is the 
volume occupied by the polymer molecules and equals to 1.3 times of the polymer’s van der 
Waals volume (Vw). The estimation of van der Waals volume was based on group 
contribution method [13]. 
 
3.6.13 Positron Annihilation Spectroscopy (PAS) 
 
Positron annihilation spectroscopy (PAS), a novel characterization tool has drawn much 
attention in the polymeric membrane research field recently. It is mainly attributed to the 
great ability of this technique to determine at atomic scale (i.e., 1-10Å) the free volume 
size, fractions of free volume as well as the distribution of free volume hole sizes [14-16]. 
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In recent years, the progress of this technique by using a variable-energy positron beam 
has also enabled the studies on the morphologies and depth profiles from the surface to 
the bulk of an asymmetric polymeric membrane [17-20]. Generally, there are two types 
of positron experiments in slow positron beam equipment, namely, positron annihilation 
lifetime measurements (PAL) and doppler broadening energy spectra (DBES).  
 
In PAL measurements, the quantitative information of free-volume size, distribution and 
content is mainly ascribed to so-called the pick-off annihilation of long-lived ortho-
Positronium (o-Ps, the triplet bound state of a positron and an electron) [14].  The 
estimated pick-off lifetime of the o-Ps (τ3 in ns) is correlated to the mean free volume 
























1213             (3.6) 
where Ro is the infinite spherical potential radius that is equal to RR  with R as an 
empirical parameter (= 1.66 Å). The estimation of fractional free volume (fv) is calculated 










0018.00018.0 RIvIf fv             (3.7) 
where I3 is the o-Ps intensity (in %) for the estimated pick-off lifetime τ3 and vf is the free 
volume (in Å
3
) in the polymer matrix calculated based on the mean free volume radius R 
in equation (3.6).  
 
The spectra generated by DBES from the slow positron beam are typically characterized 
by either S parameters or R parameters.  S parameter, by means of analyzing 2γ 
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annihilation from DBES spectra is a direct measure of the quantity of momentum 
dispersion. It is defined as the ratio of integrated counts between 510.3 keV and 511.7 
keV (S width) to the total counts after the deducting the background counts. There are 
three main factors contributing to the S parameter in polymers; namely, 1) free-volume 
content (based on para-Positronium (p-Ps) annihilation), 2) free-volume size (based on 
the uncertainty principle), and 3) chemical composition. In general, S parameter measures 
the free volumes and defects ranging from an Å to 1 nm. The larger the free-volume 
content/size, the bigger the S value [14, 18]. R parameter is defined as the ratio of the 
total counts from valley regions with an energy width between 364.2 keV and 496.2 keV 
(due to 3γ annihilation) to the total counts from the 511 keV peak region with a width 
between 504.35 keV and 517.65 keV (due to 2γ annihilation). It contains information 
about the large pores (nm to µm) in the system, where o-Ps undergoes 3γ annihilation.   
 
In this work, the PAS experiments were carried out using a newly built slow positron 
beam. The positron source used was radioisotope 
22
Na with energy of 50 mCi. The 
positrons emitted from the source were moderated in a tungsten mesh and filtered 
through an E×B filter. After filtration, the slow positrons were accelerated at a variable 
mono-energy (from 100 eV to 30 keV) and then magnetically focused towards the sample 
chamber, and finally hit on the sample.  
 
The mean depth profiles of dual-layer hollow fibers were characterized by Doppler 
broadening energy spectra (DBES) in this experiment.  The hollow fiber samples spun 
under each condition were aligned tightly along the axis direction on an aluminum plate. 
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Two layers of fibers were packed to ensure a seamless surface was formed.  Depending 
on the incident positron energy (E+) used, the mean implantation depth of a sample was 







                            (3.8) 
where Z is the mean implantation depth expressed in nm, ρ is the density of polymer 
material in 3cmg and E+  stands for the incident positron energy in keV. The resultant R 
parameters against incident positron energy were fitted in a 3-layer model using a well-
established computer program VEPFIT [15]. The fitted R1, R2 and R3 are R parameters of 
the dense layer, transition layer and sub-porous layer, respectively. We focus on R1 
because the dense layer is the major factor determining the separation performance for 
gas separation.  Due to the quenching and inhibition of positronium formation nature of 
polyimide materials (i.e., PAI), PAL experiments were not carried out in this work. 
 
On the other hand, the PAL experiments were conducted for both the pristine PIM-1 and 
the modified PIM-1 films using a variable-energy positron beam with a counting rate of 
100–500 counts s-1 and each spectrum contains one million counts. The obtained PAL 
data were fitted into three lifetimes using the PATFIT program, which assumes a 
Gaussian distribution of the logarithm of the lifetime for each component. The MELT 







3.6.14 Molecular Simulation 
 
The chemical structure of the original PIM-1 and the UV-irradiated PIM-1 were simulated 
using Material Studio 4.3 from Accelrys. For the simplicity and demonstration purpose, 
polymer chain consisting of only 1 repeat unit each was used. It was constructed via polymer 
build function followed by energy minimization.  The dihedral angle was calculated by 
joining two lines from both ends of the polymer chain with the spiro-carbon centre.   
 
To examine the possible change in the structural alignment after the UV rearrangement 
process, both PIM-1 and UV-rearranged PIM-1 were built by the amorphous cell based on 
compass forcefield calculations. Each amorphous cell module consists of 4 polymer chains 
with 10 repeating units. It was subjected to fine convergence with maximum iterations of 
10,000 before proceeding with molecular dynamics simulation by the Discover module. The 
equilibrium stage temperature was set to 308K and 1 bar under isothermal-isobaric (NPT) 
mode. A total of 100,000 steps with a step size time of 1.0 fs and a dynamic time of 1000 ps 
were employed. The fractional free volume (FFV) was calculated by the Connolly task. The 
kinetic diameters of H2 and CO2 molecules were used as Connolly radii in the calculation.  
 
3.7  CHARACTERIZATION OF GAS TRANSPORT PROPERTIES 
3.7.1  Pure Gas Permeation Test 
3.7.1.1 Dense Film 
 
The pure gas permeation properties were evaluated by a variable-pressure constant-
volume method. Figure 3.4 reveals the general setup of the permeation cell. The feed side 
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of the cell comprised a controlling valve, a pressure gauge and a gas reservoir with a 
volume of 1000 cm
3
 to prevent or minimize any large fluctuations of gas pressure during 
the experiments. The permeation cell was calibrated and the volumes of the downstream 
compartments were calculated using standard polycarbonate membrane and its published 
permeability data. Calibration was also performed from time to time to ensure the 
accuracy of the data obtained. The experimental temperature is controlled with a built-in 




Figure 3.4: Schematic diagram of the dense film gas permeation testing cell 
 
 
The membrane of interest was mounted onto the gas permeation cell in such a way that it 
formed a barrier to the flow of the gas to-be-tested as shown in Figure 3.5. The thickness 
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of the membrane was measured using a digital film measurement tool (Mitutoyo Corp.) 
and the error is ± 1 micrometer. The area of the membrane tested was about 2 cm in 
diameter. Both sides of the membrane were sealed with O-rings. We assumed that the gas 
permeation through these rings was negligible as compared to that via the membrane. 
After the membrane was mounted onto the cell, the permeation apparatus was evacuated 
for 24 hours to remove any residue gas or air trapped in the membrane so that the 
permeation of the gas to-be-tested would not be affected when it is introduced into the 
cell. The experiments were started by feeding in the gas to-be-tested at the temperature 
and pressure of interest. The upstream pressure was maintained constant as the gas 
permeated through the membrane and give rise to be downstream pressure that was then 
measured using a Baratron
®
 (MKS instruments, Inc., USA) pressure transducer. This was 





Figure 3.5: Schematic diagram of the double O-ring permeation cell [11] 
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The gas permeability was measured in the sequence of H2, O2, N2, CH4, and CO2. The 
rate of pressure increase (dp/dt) at steady state was used for the calculation of gas 




















           (3.9) 
where P is the gas permeability of a membrane in Barrer (1 Barrer = 1×10−10 cm3 (STP) 
cm/cm
2 
s cmHg), V is the volume of downstream chamber (cm
3
), l is the membrane 
thickness (cm), A refers to the effective area of membrane (cm
2
), T is the operating 
temperature (K) and P2 is the upstream operating pressure (psia). 
 






              (3.10) 
where PA and PB are the pure gas permeability of gases A and B, respectively. 
 
The experimental error in the permeability measurement was estimated to be less than ± 
2 %. The gas permeability measurement on each piece of the membrane was repeated for 
three times. The volumes of the downstream compartments and the measured thickness 
of the membrane were likely to contribute most to the overall experimental error.  
 
3.7.1.2 Hollow Fiber 
 
The gas permeation performance of hollow fiber membranes were tested with the setup 
shown in Figure 3.6. Each module was composed of 10-15 pieces of hollow fibers with a 
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length of about 15 cm. One end of the module is sealed with 5 min rapid epoxy resin 
(Araldite
®
, Switzerland), while the shell side of the other end was glued onto the metal 
module with regular epoxy resin (Eposet
®
). A feed pressure was applied to the shell side 
of the hollow fiber module and the permeate side (lumen side) was connected with the 




Figure 3.6: Pure gas permeation testing apparatus for the polymeric hollow fibers [11] 
 
 
In testing, the feed chamber would be purged with the desired gas and conditioned for 
about 20 min prior to measurement. The feed pressure is around 200 psia for both O2 and 
N2 gas. The gas flow rate in the permeate side was recorded using a digital bubble flow 
meter (Optiflow 570, error ~2%). At least 3-4 modules were tested at room temperature 
for each experimental condition. The permeance of the hollow fiber membrane was 

















         (3.11) 







 s cmHg = 7.5005 × 10−12 m/ s Pa), T is the operating temperature (K), Q 
is the pure gas flux (cm
3
/s), ΔP is the gas pressure difference across the hollow fibers 
(cmHg), A is the effective area of the hollow fiber membrane (cm
2
), n is the total number 
of fibers in one testing module, D is the outer diameter of the testing fiber (cm), and l 
refers to the effective length of the testing fiber (cm).  
 









             (3.12) 
where (P/L)A and (P/L)B are the pure gas permeance of gases A and B, respectively. 
 
The apparent dense-selective layer thickness (also called the apparent skin thickness) was 
calculated according to the following equation: 
 








            (3.13) 
where L is the apparent dense-selective layer thickness (nm), and P is the gas 









3.7.2  Mixed Gas Permeation Test 
3.7.2.1 Dense Film 
 
For the mixed gas test, the pure gas permeation cell setup was modified for the 
continuous flowing feed by connecting a retentate channel to avoid the accumulation of 
feed gas at the upstream. The receiving volume of the permeation cell was connected to a 
gas chromatograph (GC) system as shown in Figure 3.7. Before the permeation test, GC 
was calibrated by a set of Messer gas mixtures with known composition to obtain the GC 
peak area as a function of gas mole fraction. The sampling system/lines to GC were also 




Figure 3.7: Schematic diagram of the mixed gas permeation test system for dense films 
 
 
During the experiment, a continuous gas mixture at the desired pressure was fed into the 
upstream of the permeation cell. When the permeation rate reached the steady state, and 
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pressure accumulated in the downstream volume approaching 100 torr, it would be sent 
to GC for composition analysis. The permeability was calculated with the consideration 





















         (3.14) 
 
























        (3.15) 
Here xa is the mole fraction of gas component a in the feed gas and ya denotes the mole 
fraction of gas component a in the permeate. All the other symbols remain the same 
meanings as described previously in equation 3.9. 
 
The selectivity of the mixed gas was evaluated by taking the ratio of permeate (y) and 







              (3.16) 
 
3.7.2.2 Hollow Fiber 
 
In the mixed gas permeation measurement of the polymeric hollow fiber, in addition to 
the flux, the composition of the various streams were also needed. Figure 3.8 depicts the 
schematic diagram of the mixed gas permeation testing apparatus for the polymeric 
hollow fibers [23]. The compositions of permeate and retentate were analyzed by a GC 
system, while their flow rates were measured by a digital bubble flow meter (Opliflow 
570, error ~2%). The calculation of permeance was based on one set of differential 
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equations developed by Wang et al. [24], in which the non-ideal gas behavior and 




Figure 3.8: Mixed gas setup for the hollow fiber membranes [17] 
 
 
3.7.3 Pure Gas Sorption Test 
 
The gas sorption isotherms for selected membranes were performed using the gravimetric 
sorption cell (Cahn D200 microbalance sorption cell) shown in Figure 3.9. The tests were 
conducted from a pressure range of 0-30 atm at 35 
o
C and approximately 80 mg of each 
sample was loaded for the experiment. The sorption cell was evacuated under vacuum for 
at least 24 h prior to the test. The gas at a specific pressure was introduced into the 
system and the sample then started adsorbing the gas until the equilibrium was reached. 
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The gas sorption ability of the sample was calculated based on the weight gain with 
consideration of buoyancy force as shown in equation (3.17), where Wp and Wsp are the 
balance readings with and without polymer sample, respectively.  
BuoyancyWWdissolvedGas spp           (3.17) 
Once the solubility coefficient (i.e., S) for a specific gas was obtained through the 
sorption study, the diffusivity coefficient (i.e., D) was calculated based on P = DS. 
 
 






3.7.4  Physical Aging Test 
 
The preliminary aging studies for the selected membranes were carried out using the pure 
gas permeation testing apparatus for a period of 240 h. H2, O2, N2 and CH4 were used in 
the aging test except CO2 due to its high solubility in glassy polymers that may alter the 
nature of the glassy state. All membranes used in the aging study had a thickness of 55 ± 
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4. 1 INTRODUCTION 
 
Natural gas, one of the fastest growing fossil fuel sources, plays an important role in 
today’s energy production. It has been widely used as the energy source for domestic 
appliances, manufacturing of metals and chemicals, electricity generation as well as the 
natural gas powered vehicles. Recent statistics showed that approximately 50% of 
electricity in U.S. was generated by combustion of natural gas, and moreover, it was 
expected to increase dramatically over the next 20 years [1]. This is because that natural 
gas offers many environmentally friendly properties by producing virtually no sulphur 
oxides (SOx), low levels of nitrogen oxides (NOx) and relatively lower emissions of 
carbon dioxide than those of other fossil fuels, e.g. coal, oil.   
 
CO2, a key factor of greenhouse effect and global warming, is a major component 
contributing to the sweetening of natural gas.  Therefore, the separation of CO2 from 
natural gas is paramount as this may dramatically reduce the pipeline corrosions and 
enhance the efficiency of high-purity energy products [2-4].  According to pipeline 
requirements, the concentration specification of CO2 must be < 2%. Amine absorption is 
a main strategy that is currently employed in the industry to facilitate CO2 removal from 
natural gas [5]. Nevertheless, this technology is compromised by a few of serious 
operational drawbacks, which include the equipment corrosion, material loss, personal 
safety and environmental impact [6]. In contrast, membrane separation processes have 
been proven to be technically and economically superior in view of their versatile 
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properties, simplicity and ease of installation and operation, low maintenance 
requirements and reduced cost.     
 
However, a traditional membrane separation technology with neat polymeric materials 
suffers from an upper-bound relationship for its permeability and selectivity. Namely, a 
typical trade-off behavior is recognized that the selectivity of a gas pair increases with a 
decrease in permeability of the more permeable gas component [7].  This greatly 
constrains their applications in chemical and petrochemical industries [8]. In order to 
promote the industrial commercialization of membrane separation technology, the high-
performance new materials must be developed. The facilitated transport membrane is one 
of possible solutions to surpass the upper-bound constraint and to stimulate the industrial 
application of membrane technology. Supported liquid membranes with the noble silver 
solution, e.g. AgNO3, were first used to facilitate the transport of unsaturated 
hydrocarbons, and enhance the separation of olefins/paraffins [9, 10]. This is in principle, 
led by the formation of olefin-Ag
+
 complex, that increases the solubility of olefins in the 
membrane and facilitates the transport of olefins to the permeate side. Due to the easy 
depletion of Ag
+
 in supported liquid membranes, silver ion was later on incorporated 
directly in fixed-site carrier membranes for the facilitated transport of olefins [11, 12]. Li 
et al [4, 13] further extended their studies in this area for the separation of natural gas. 
This is because CO2 with the double bond may also react reversibly with transition metal 
ions to form a π-bonded complex, thus facilitating the transport of CO2 to the permeate 
side of membranes. Besides Ag
+
, some other metal ions were also studied in their work 
[13] and the membrane incorporated with Zn
2+
 exhibited the best natural gas separation 
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performance in view of a combination of the strong electrostatic crosslinking and the 
affinity between Zn
2+ 
and CO2 gas molecules.      
 
With the advent of nanotechnology, the studies of organic polymer-inorganic filler 
nanocomposites (also known as mixed matrix membranes) have also attracted much 
attention. They have shown to be a promising new generation of membrane materials for 
the various gas separations and purifications. The most commonly used inorganic fillers 
are zeolites [4, 8, 14-18], carbon molecular sieves [19, 20], silica [21, 22] and metal 
oxides [23-25]. As one type of porous nano-fillers (1-3 nm in size), polyhedral 
oligomeric silsesquioxane (POSS
®
) has emerged in recent development of 





 is an organic/inorganic hybrid material with a cage structure that comprises 6-12 
silicon atoms together with oxygen atoms. Different kinds of functional or nonfunctional 
organic groups are attached to the corner Si molecules.  In other words, depending on the 
purpose and application, the corner organic groups can vary from one to another. The 
silica core of the POSS
®
 is inert and rigid, whereas the organic groups at the vertices 
provide the excellent compatibility with the polymeric matrix and promote the membrane 
processability. POSS
®
 molecules could be incorporated into the polymer matrix via co-
polymerization [26, 27] or physical blending [28, 29], thus improving the properties of 
materials in thermal and mechanical stability and rheological and viscoelastic behavior 
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[29-31]. Furthermore, up to 6-12 reactive groups per POSS
®
 moiety may conceivably 
ensure high crosslink densities in the polymeric modification.  
 
Nonetheless, little work has been done in POSS
®
-polymer nanocomposite membrane for 
gas separation.  In the work done by Rios-Dominguez et al. [32], there was an unexpected 
increase in solubility coefficient of O2 in the nanocomposite membrane with respect to 
the neat polymeric membrane. This is apparently ascribed to an associated increase in the 
interaction between the high concentration of silicon and O2 gas. However, due to its 
apparent large pore size of POSS
®
, the developed membrane in this study did not show 
an improvement in gas separation performance. With the fundamentally unique 
properties of POSS
®
 molecules aforementioned, it is envisaged that the judicious 
utilization of those products may have a great potential to make advances in membranes 
for gas separation.         
 
In this chapter, a joint venture by associating the concept of facilitated transport with the 
technology of hybrid nanocomposite was investigated for the natural gas separation. At 
first, the nano-sized POSS
®
 Octa Amic Acid was evenly dispersed in the polymeric 
Matrimid
®
 matrix. It may possibly provide a high density of ionic binding sites for the 
diffusion of transition metal ion Zn
2+
 into the nanocomposite since there are eight 
carboxylic functional groups in each POSS
®
 molecule. Subsequently, by deploying the 







membrane may tend to exhibit a high CO2/CH4 selectivity. In addition to probing the 
effect of different loadings of POSS
®









 nanocomposite membrane was characterized by means of scanning 
electron microscope (SEM), field emission scanning electron microscope (FESEM), 
energy dispersive X-ray (EDX) instrument, X-ray photoelectron spectroscopy (XPS), X-
ray Diffractor (XRD), differential scanning calorimetry (DSC) and Brunauer-Emmett-
Teller (BET).     
 
4.2 RESULTS AND DISCUSSION 
4.2.1 Effect of POSS
®






 nanocomposite membranes with POSS
®
 loadings of 5-20 wt% 
were fabricated according to the procedure described in the previous section. Figure 4.1 




















As demonstrated in this figure, the POSS
®
 Amic Acid particles are dispersed uniformly 
over the Matrimid
®
 matrix by detecting the silicon distribution in the cross-section. There 
is no clear indication of agglomeration or sedimentation of particles. This point is further 
supported by the cross-section SEM images of 10 wt% and 20 wt% POSS
®
 loading 
nanocomposite membranes shown in Figure 4.2.  As revealed in these images, the 
membrane cross-section exhibits the crater-like structure and the nano-sized POSS
®
 
particles are intimately dispersed inside the crater. No voids and defects could be 
observed at the polymer-particle interface. On the contrary, the membrane incorporated 
with micron-sized fillers often shows non-selective voids at the interface [15-18]. This 
superiority may be attributed to the intermolecular hydrogen bonding between the 











Figure 4.2: The cross-section SEM images of nanocomposite membranes at different 
POSS
®
 loadings (a, b: 10wt% POSS
®
 loading and 20wt% POSS
®
 loading, respectively) 
 
 
Table 4.1 summarizes the gas separation performance of pure Matrimid
®
 and hybrid 
nanocomposite membranes at different POSS
®
 loadings.  It can be seen that the gas 
permeability of all hybrid nanocomposite membranes is lower than the pure Matrimid
®
 
membrane and shows a decrease-and-increase pattern. In addition, there is no 





membrane exhibits a minor increment when compared with the pure Matrimid
®
 
membrane. These results could be due to the incorporation of highly porous POSS
®
 
nanoparticles. Based on the information provided by the supplier - Hybrid Plastics, the 
average pore size of POSS
®
 Octa Amic Acid particle is around 1-3 nm. This is further 
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corroborated by a BET analysis (15.8 Å). The pore size, relatively larger than the kinetic 
diameters of all the gases, may not provide the Molecular sieving effect in hybrid 
nanocomposite membranes. Hence, a similar selectivity of hybrid nanocomposite 
membranes to that of the pure Matrimid
®
 membrane is fairly understandable.  
 
Table 4.1: Comparison of gas separation performance of pure Matrimid
®
 and hybrid 







) Ideal selectivity 
O2 N2 CH4 CO2 O2/N2 CO2/CH4 
Pure Matrimid
®















 1.33 0.19 0.141 5.3 6.9 37.2 
 
a 

















Surprisingly, even though the dimensions of permeating gases are smaller than the pore 
size of POSS
®
 particles, the permeability of all gases drops with incorporation of nano-
sized POSS
®
 particles when compared with the pure Matrimid
®
 membrane. Three 
possible hypotheses are deliberated for this descent trend. First, SEM images in Fig. 4.2 
have proven that the nano-scale blending of POSS
®
 particles into the Matrimid
®
 matrix 
displays a very good contact between these two materials. Therefore, the gas transport via 
the polymer-particle interface is hindered. This makes it possible that the occupation of 
POSS
®
 particles in the polymer matrix may reduce the free volume of the Matrimid
®
 




Second, the incorporation of nano-scale POSS
®
 particles may inhibit the mobility of 
polymer chains especially near the polymer-particle interface [15, 33]. As presented in 
Table 4.2, this is somewhat verified by the measurement of glass transition temperatures 
of hybrid nanocomposite membranes at different POSS
®
 loadings. The pure Matrimid
®
 
shows the Tg of 317 
o
C which is consistent with the literature value [20]. It is observed 
that Tg increases with an increase in POSS
®
 loadings in hybrid nanocomposite 





polymeric matrix. Hence, the polymer chain rigidification could 
be one of the causes for the decline in gas permeability.  
 
Table 4.2: Comparison of glass transition temperatures of pure Matrimid
®
 and hybrid 


































317 ± 1 320 ± 1 322 ± 1 324 ± 1 
 
 
Third, the partial pore blockage of porous POSS
®
 particles induced by the polymeric 
chains may be another factor to cause the decrease in gas permeability [15, 17, 18]. It is 
believed that the linear polymer chains of Matrimid
®
 tend to penetrate into the pores of 
POSS
®
 particles and hence, possibly obstruct part of pores within POSS
®
 particles. 
However, this hindrance may not be enough to provide a selective function for the 
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passage of gases due to the originally large pore size of POSS
®
 particles. In addition, 
with the higher loading of POSS
®
 particles (i.e. 20 wt%) incorporated into the Matrimid
®
 
matrix, a slight increase in gas permeability is observed in Table 4.1. This may be 
because the increase in POSS
®
 loadings accompanied by a decrease in polymer content 
may reduce the degree of partial pore blockage, thus making more pores of POSS
®
 
particles become the channels of gas transport.   
 









Eight carboxylic functional groups in each moiety of POSS
®
 Octa Amic Acid offer the 
high-density binding sites with metal ions.  By measuring the membrane surface and 
cross-section five times in each, an average of 0.75 mol% of zinc is discovered after 
0.2M ZnCl2 treatment. This result suggests that there is indeed a diffusion of zinc ion into 





 nanocomposite membranes treated with different molar 
concentrations of ZnCl2 in the MeOH solution. It reveals that no zinc could be detected in 




 nanocomposite membrane before the 
Zn
2+
 treatment. As for the membranes treated with the ZnCl2/MeOH solution, one can see 
that the intensity of zinc peak increases with the molar concentration of ZnCl2, indicating 
more zinc ions diffuse into the membrane at the higher molar concentration of ZnCl2. 
This is one of advantages in this work that a generally homogenous distribution of zinc 
ions is achieved with the aid of the binding platform provided by POSS
®










membranes treated with different molar concentrations of ZnCl2 
 
 
To further understand the possible binding site of Zn
2+
 with carboxylic groups of POSS
®
 





 nanocomposite were studied to monitor the change in binding 
energy and results are plotted in Figure 4.4. The double peaks represent the binding 
energy of Zn 2p3/2 and Zn 2p1/2, respectively, with a constant difference of 22.97 eV in 
between [34]. It can be seen that the ZnCl2 treated nanocomposite membrane shows a 
decrease in Zn 2p3/2 binding energy when compared to that of zinc chloride. This 
corresponds to a change in chemical states from zinc halide to zinc oxide or zinc acetyl-
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acetone [34], which proves the occurrence of coordination of Zn
2+
 with carboxylic groups 
of POSS
®




Figure 4.4: Zn 2p3/2 and Zn 2p1/2 XPS spectra of pure ZnCl2 and 0.2M 




 nanocomposite membrane 
 
 
X-ray diffraction (XRD) analysis was used to study the arrangement of polymer chains 
before and after the ionic binding treatment and results are displayed in Table 4.3. It can 
be seen that the inter-chain spacing (d-space) of nanocomposite membranes dwindles 
slightly with the addition of POSS
®
 particles. In addition, the d-space further reduces 
with an increase in ZnCl2 molar concentrations during the ionic binding treatment. This 
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may suggest the tightening of polymer chains in the ionic binding process. As 
demonstrated, the binding of divalent zinc ions with the carboxylic functional groups of 
POSS
®
 particles, may tend to bring two carboxylic groups to approach each other. This 
occurs either intra-molecularly in a single POSS
®
 moiety or inter-molecularly between 
two adjacent POSS
®
 moieties. The latter may probably lead to the tightening of polymer 
chains since the POSS
®
 particles are closely integrated with the Matrimid
®
 matrix.   
 
Table 4.3: Comparison of XRD results of pure Matrimid
®
 and hybrid nanocomposite 




























d-space (Å) 5.84 5.80 5.77 5.63 
       
 
4.2.3 Effect of ZnCl2 Concentrations on Gas Separation Performance  
 




 nanocomposite membranes were treated for one day 
with different molar concentrations of ZnCl2. The gas separation performance is 
presented in Table 4.4. It can be observed that the permeability of all gases decreases 
after the ionic binding treatment with the ZnCl2/MeOH solution, whereas the selectivity 
of all gas pairs increases. The highest O2/N2 and CO2/CH4 selectivity reaches 9.0 and 














 nanocomposite membranes, the following hypotheses have 
been drawn. First, the diffusion and the binding of zinc ions onto the POSS
®
 particles 
may further narrow the pore sizes to the order of gas molecules, hence, leading to the 
presence of size exclusion mechanism in this type of membranes. This may be validated 
by the change in separation gas performance displayed in Table 4.4. It is noticed that CH4 
with a larger size shows a faster decline in permeability than N2 assumably without the 
interference of Zn
2+
 to both of them in affinity.   
 











) Ideal selectivity 


























0.99 0.11 0.055 3.4 9.0 62.8 
 
a 























 complex may also 
affect the affinity of membranes to some gas molecules. As is well known, transition 




) tend to facilitate the transport of some specific gases 
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presumably due to the formation of a π-bond between these ions and gases with double 
bonds (e.g. unsaturated hydrocarbons and CO2) [4, 11-13]. In essence, CO2 molecules 
react reversibly with Zn
2+
 to uplift its solubility in the membrane, and thus the 
permeation of CO2 can be governed by integration of a solution-diffusion mechanism and 
reversible complexation with transition metal ions. The boost of CO2 solubility has been 
verified by CO2 sorption tests illustrated in Figure 4.5. It can be seen that CO2 exhibits a 
higher sorption amount after ionic binding treatment and CO2 solubility coefficient 


















On the other hand, a coordinate covalent bond between the transition metal ions and 
oxygen atoms can also be formed. This is attributed to the electron donation of oxygen 
atoms to the vacant s orbital of transition metal ions [13, 35]. Moreover, it has been also 
proven that the presence of high concentration of silicon may enhance the interaction 
with oxygen atoms, thus leading to an increment in O2 solubility [36, 37]. In conclusion, 






 nanocomposite facilitates the gas 
transport of CO2 and O2, hence enhancing O2/N2 and CO2/CH4 selectivity.    
 
CO2/CH4 (50%/50% molar fraction) mixed gas test was conducted to explore the 





-0.2M ZnCl2 nanocomposite membrane was employed in this 
study. A CO2 permeability of 4.43 Barrer and CO2/CH4 selectivity of 52.4 are obtained in 
this test.  It is not surprising that the gas separation performance in the mixed gas test is 
lower than that in the pure test. The competitions in sorption among the penetrants, the 
plasticization induced by CO2, the concentration polarization and the non-ideal gas 
behavior are the most important four factors contributing to this difference [38, 39, 40]. 
Although there is a slight drop in CO2/CH4 selectivity in the mixed gas test compared to 
that (57.6) in the pure gas test, this study still shows an improvement in the separation of 
natural gas. Hence, the idea is proven to be successful in this work, wherein the excellent 
dispersion of POSS
®
 particles in the hybrid nanocomposite membrane provides a high-
density ionic binding platform and meanwhile, ensures the uniform distribution of Zn
2+
, 
which is the engine of facilitated transport.  
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4.3  CONCLUSIONS 
 




 nanocomposite membranes have been 
successfully developed. EDX-SEM images have demonstrated that the nano-sized POSS
®
 
particles could be evenly distributed into the polymeric matrix and show a very good 
coherence between these two materials. This could be ascribed to the intermolecular 






Before the ionic binding treatment, the gas separation performance of hybrid 
nanocomposite membranes presents a decrease in permeability for all the gases and a 
similar selectivity to the neat Matrimid
®
 membrane. This is probably due to the diminish 
in free volume with the addition of POSS
®
 particles, the polymer chain rigidification near 
the polymer-particle interface, and the partial pore blockage of porous POSS
®
 particles.  
 




), the CO2/CH4 
and O2/N2 selectivity is increased by 70% and 30%, respectively, after the ionic binding 




-0.3M ZnCl2).  This is probably because the high-
density and evenly distributed zinc ions with the aid of eight carboxylic functional groups 
in each moiety of POSS
®
 particle facilitate the transport of CO2 and O2.  The mixed gas 
data further suggest that this type of hybrid Zn
2+
-treated nanocomposite membrane is a 
promising membrane material for the natural gas separation in industry.  
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 HIGH-PERFORMANCE THERMALLY SELF-CROSS-LINKED POLYMER OF 





5.1   INTRODUCTION 
 
Natural gas purification and carbon capture by membrane technology have attracted great 
interest in the recent years due to the simplicity, ease of scale-up and environmental 
friendliness of membrane processes as compared to conventional gas separation methods 
such as amine absorption, pressure swing adsorption or cryogenic separation [1,2]. 
Polymeric materials are suitable candidates for fabricating membranes owing to their low 
cost and ease of processability into different configurations [3]. There are many factors 
affecting the gas separation performance of a polymeric membrane. High permeation flux 
and gas-pair selectivity are regarded as two of the most important criteria for the selection 
of a membrane for industrial use. This is because high permeation flux is desired to 
minimize the membrane area required and thus reduce the production cost while high 
selectivity would enhance the separation efficiency and hence achieve high purity 
products [4−7]. Membranes fabricated from commercial polymeric materials typically 
have a low permeation flux. This drives researchers to develop novel materials with a 
higher flux. However, there exists a trade-off behavior between permeability and 
selectivity; namely, an increase in permeability of the more permeable gas component 
usually results in a decline in selectivity. This trend is depicted by the upper-bound line 
that Robeson has derived from many polymeric membranes [8]. Continuous research 





Recently, a novel class of polymers, termed “polymers of intrinsic microporosity” 
(PIMs) has emerged as a promising membrane material for gas separation [9−17]. It 
possesses unusually high free volume and high surface areas (i.e., ∼700 m2 g−1 for PIM-
1), which can be mainly ascribed to its special ladder-type structures with contorted sites 
that prevent rotation of polymer chains and efficient space packing. Besides their high 
surface areas, PIMs also exhibit easy solution processability with a high degree of 
microporosity. Among all the PIMs synthesized, PIM-1 is one of the most well-known 
types for membrane gas separation [16, 17]. The pristine PIM-1 membrane has 
demonstrated extremely high gas permeability with moderate-to-good separation factor 
for several important gas pairs (e.g., O2/N2, CO2/N2, and CO2/CH4) [10, 13]. Later on, 
several works have attempted to postmodify the PIM-1 membrane to further enhance its 
gas transport properties mainly with respect to gas-pair selectivity. 
 
In the work of Du et al. [18], the nitrile groups of PIM-1 were converted to carboxyl 
groups via a simple postmodification hydrolysis reaction. The degree of conversion could 
be controlled by the hydrolysis time and temperature. In terms of gas permeation 
separation performance, the hydrolyzed PIM-1 membranes revealed an evident decrease 
in gas permeability and obvious increase in gas-pair selectivity. However, the overall gas 
separation performance still followed the upper bound line in which an increase in gas-
pair selectivity was at the expense of gas permeability. The researchers at UOP [19] 
proposed a UV-cross-linking approach to possibly tighten the polymer chains and reduce 
the interchain space for gas separation. The PIM-1 membrane under UV-cross-linking 
treatment for a period of 30min exhibited O2/N2 selectivity of 5.4 with O2 permeability of 
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147 barrer. However, no detailed scientific explanation was disclosed in this work. 
Recently, Du et al. [20] incorporated CO2-philic pendant tetrazole groups into PIM-1 
membranes and the resultant membranes revealed an obvious enhancement in gas 
permeation separation performance. It provided a viable alternative for CO2 capture from 
flue gas. In another work done by Mason et al., [21] they converted the original nitrile 
group to the thioamide groups in PIM-1 by using phosphorus pentasulfide as the 
thionating agent. The modified thioamide-PIM-1 membrane showed an increased 
selectivity but a reduced permeability compared to the pristine PIM-1 membrane. 
 
In order to enhance the gas-pair selectivity and at the same time maintaining the gas 
permeability of PIM-1 membranes, the idea is to molecularly design the cavity size of 
PIM-1 membrane by the cross-linking method. In this work, the preparation of thermally 
self-cross-linked PIM-1 membranes via the inherent cross-linking reaction of aromatic 
nitrile groups to form triazine rings at the elevated temperature with a prolonged 
treatment time is reported. It is worthwhile to note that the bulky triazine rings formed in 
the polymer matrix might induce inefficient packing of polymer chains such that the 
expected decrease in gas permeability due to the cross-linking reaction may be minimized. 
The thermal cross-linking reaction of the nitrile containing polymers has been well 
documented in the literatures [22−26]. The cross-linking reaction could be either carried 
out at elevated temperatures with a prolonged thermal treatment time [22 − 24] or 
catalyzed at a lower temperature [23, 25, 26]. The detailed synthesis method and 
characterizations of PIM-1 polymer are reported in this work to ensure the correct base 
material has been used in this study. The effects of thermal cross-linking temperature and 
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duration on gas separation properties of PIM-1 membranes have been have been 
investigated and compared with the Robeson’s upper bounds. 
 
5.2  RESULTS AND DISCUSSION 
5.2.1  Characterization of the Thermally Cross-Linked PIM-1 Membranes 
 
The thermal stabilities of the original PIM-1 and the thermally cross-linked PIM-1 
membranes were monitored by TGA and their degradation curves are depicted in Figure 
5.1. As can be seen, all membranes are thermally stable up to 450 °C possibly due to the 
strong dipolar interactions of nitrile groups [12]. If the thermal degradation temperature is 
defined as a 5 wt% loss of the original weight, the longer thermal-treated PIM-1 
membranes (i.e., PIM-300−1.5d and PIM-300−2d) tend to decompose at a rather later 
stage, which is mainly attributed to the high degree of thermal cross-linking, that 
stabilizes the membrane structure. Moreover, the original PIM-1 membrane exhibits the 
highest decomposition rate (i.e., 0.822 wt%/°C) when it starts to decompose, whereas the 
maximum decomposition rates of the thermally cross-linked PIM-1 membranes descend 
with an increase in thermal treatment time. For example, there is a clear decrease in the 
maximum decomposition rate from 0.822 to 0.145 wt%/°C for the original PIM-1 and the 
PIM-300 − 2d membranes, respectively. Thus, the thermally cross-linked PIM-1 
membranes demonstrate much slower thermal decomposition rate when compared to the 
original PIM-1 membrane. Additionally, the cross-linked PIM-1 membranes show much 
higher weight retentions at 600 °C, which is the result of greatly enhanced thermal 
stability after the thermal cross-linking reaction. It is worth pointing out that all 
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membranes contain a char yield of more than 65wt % at 750 °C due to the unusual 




Figure 5.1: TGA of the original and the thermally cross-linked PIM-1 membranes 
 
 
A good indication of the occurrence and the extent of crosslinking reaction at the 
respective thermal treatment duration are provided by the gel content of the modified 
films. It is observed that there is about 86% gel content for PIM-300-0.5d, while no 
obvious weight loss (e.g., approximately 100% gel content) could be detected when the 
PIM-1 membranes are treated more than 0.5 d at 300 °C. The results from gel content 
reinforce the confirmation of cross-linked structure of PIM-1 membranes. It also suggests 
that the extent of cross-linking reaction increases with thermal treatment time. 
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Although both TGA and Gel content analyses demonstrate the occurrence of thermal 
cross-linking reaction, it is hard to know their exact chemical structure because there are 
many possible structures deriving from the possibly activated cyano groups [26]. 
According to literatures, the most likely chemical cross-linking reaction scheme is having 
a thermally induced trimerization of the nitriles to stable triazine rings without releasing 
any volatile side products, as shown in Figure 5.2 [22−24]. However, the thermal 
trimerization process is slow and might be expedited by either catalyst or conducting at 
elevated temperature with an extended period of time [24, 25]. The structural changes 
and the formation of triazine structures of the thermally treated PIM-1 membranes have 
been verified by FTIR and XPS analyses.  
 
 
Figure 5.2: Proposed thermal cross-linking reaction of PIM-1 [22-24] 
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Figure 5.3 depicts the FTIR spectra for the original and the selected thermally cross-
linked PIM-1 films. The FTIR spectrum of PIM-300−2.0d membrane is not showing here 
due to its relatively weak IR signal. This is probably caused by the weak IR reflection 
since this membrane is a bit dark in color. The prominent peak at 2237 cm−
1
 is attributed 
to the −C≡N stretching. Comparing with the original PIM-1 film, there are a few distinct 
new peaks near 1617, 1510, 1400, and 1100 cm −
1
, which are characteristic peaks 
of >C=N− stretching and bending vibrations [26, 27]. This, on the other hand, confirms 
the formation of triazine structure after the thermal cross-linking process. Besides, XPS 
analyses have been used to determine the extent of thermal cross-linking process. 
 
 




Figure 5.4 shows the N1s XPS spectrum of the host PIM-1 and the thermally cross-linked 
PIM-1 membranes. The original PIM-1 membrane reveals a symmetrical Gaussian-type 
N1s core signal with the maximum peak at 398.9 eV which is ascribed to the −C≡N 
(nitrile) group in the PIM-1 polymer structure. After the thermal treatments, the 
symmetrical N1s core signal becomes broad and asymmetrical with newly formed 
shoulder peaks at about 400.4 eV, which belong to the nitrogen of the >C=N− (imine) 
group [28−30]. A positive shift of 1.5eV of the N1s core signal is consistent with a loss of 
a negative charge in the nitrogen of the >C=N− group from the −C≡N group [28, 29]. The 
partial conversion of the original nitrile group in the PIM-1 structure to the imine group is 









In order to quantitatively monitor the extent of cross-linking reaction, the N1s XPS 
spectrum of each cross-linked PIM-1 membrane was deconvoluted into three peaks at 
398.9, 400.4, and 402.2 eV with a fixed FWHM of 1.4 eV. The highest decomposed N1s 
binding energy of 402.2 eV is probably attributed to the π-excitation which appears in all 
carbon compounds with double bonds [31]. As illustrated in Figure 5.4b−e, the ratio of 
integrated intensity >C=N−/(>C=N− + −C≡N) (i.e., N2/(N1 + N2)) shows an increasing 
trend with an increase in thermal treatment time, which suggests that the extent of thermal 
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cross-linking is more pronounced at an extended duration of thermal treatment. For 
example, the conversion rate of -C≡N to the triazine structure for PIM-300−0.5d is 25%, 
whereas, the conversion has increased to 37% when the membrane is soaked at 300°C for 
2 d. However, thermal-treating of PIM-1 for more than 2 d would lead to the subtle 
brittleness of the treated membranes, hence leading to difficulties in characterization and 
permeation test. Therefore, the longer thermal treatments were not continued. 
 
A close look at the resultant cross-linked PIM-1 membranes supports the existence of 
cross-linking reaction. As the crosslinking duration increases, the PIM-1 membranes turn 
from originally yellow, to dark brown and then black in color. The coloration of cross-
linked PIM-1 membranes is mainly attributed to the formation of charge-transfer 
complexes (CTCs) between the PIM-1 chains that having the newly formed triazine ring 
as the electron acceptor and benzene rings of PIM-1 as the electron donors. During the 
cross-linking reaction, the formation of triazine rings tends to pull the PIM-1 benzene 
rings close to allow transfer of π−electrons, and thus generates colors [32, 33]. 
 
5.2.2  Pure Gas Transport Properties 
 
The pure gas separation performance of the original and the thermally cross-linked PIM-1 
membranes is shown in Table 5.1. As can be seen, the gas permeability of PIM-1 post-
treated with methanol (i.e., original PIM-1) has increased almost 2-fold from the pristine 
PIM-1. Swelling might be one of the main reasons contributing to this effect [12, 13, 17]. 
A similar phenomenon has been reported by Tin et al. and Shao et al. on Matrimid and 
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other 6FDA polyimide [34, 35, 36]. The original PIM-1 membrane exhibits extremely 
high gas permeability and moderate selectivity for all gases, which is consistent with 
previously reported results [13, 16, 17]. After 1d thermal treatment at 250°C under 
vacuum, the gas permeability for all gases decreases significantly, whereas no 
enhancement in gas-pair selectivity could be obtained. This is probably attributed to the 
mere densification of high free volume PIM-1 membrane structure at 250 °C as no cross-
linking has occurred at this stage. In fact, the N1s XPS spectra for PIM-250−1d (not shown 
here) also reveal a symmetrical Gaussian-type signal with the maximum peak at 398.9 eV, 
which is exactly the same as have been observed in the original PIM-1 XPS spectrum (i.e., 
Figure 5.4). As discussed previously, the thermally induced trimerization process is slow 
and is probably initiated at elevated temperatures with an extended period of time. The 
PIM-1 membrane treated at an extended duration (e.g., PIM-250−2d) reveals a further 
decrease in gas permeability, but a significant enhancement in gas-pair selectivity. For 
example, the permeability of CO2 decreases by about 11% with an increase of 76% in 
CO2/CH4 selectivity from membrane PIM-250−1d to PIM-250−2d. This indicates that the 










Table 5.1: Pure gas separation performance of the original and the thermally cross-linked 
PIM-1 membranes (Tested at 35 
o














































337 472 6957 11.7 8.4 3.7 14.8 20.7 
PIM-250-
1.0d 
1430 400 107 145 2220 13.3 9.9 3.7 15.3 20.7 
PIM-250-
2.0d 
1360 326 76 73 1968 17.9 18.6 4.3 27.0 25.9 
PIM-300-
0.5d 
1666 422 99 97 2496 16.9 17.2 4.3 25.9 25.3 
PIM-300-
1.0d 
2221 483 101 91 3083 22.1 24.5 4.8 34.0 30.7 
PIM-300-
1.5d 
2640 557 106 95 3339 24.9 31.1 5.2 39.3 31.4 
PIM-300-
2.0d 
3872 582 96 73 4000 40.3 53.0 6.1 54.8 41.7 
 
a 









Soaked in MeOH 
 
 
To further study the thermally induced trimerization process of PIM-1 membranes, the 
thermal cross-linking temperature was raised to 300 °C and held for a period of 0.5 to 2 d. 
The gas-pair selectivity of the thermally cross-linked PIM-1 membranes increases 
monotonically with the increase of thermal treatment time. In particular, the selectivity of 
CO2/CH4 is almost four times higher than the original PIM-1 membrane. This monotonic 
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increase in gas-pair selectivity is mainly attributed to the thermally induced cross-linking 
of polymer chains that tightens polymer chains of PIM-1. The possible tightening of 
polymer chains with an increase in thermal treatment time has been verified by PAL 
experiments. Table 5.2 shows the PAL results of the original and the thermal-treated PIM-
1 membranes under different thermal soaking durations. Generally, an increase in thermal 
soaking time of PIM-1 membranes decreases the τ3 value. To be exact, this could be 
caused by either the physical densification of membrane structure at elevated temperatures 
or the chemical tightening of polymer chains due to the formation of triazine rings within 
the PIM-1 matrix. However, the N1s XPS results indicate that the extent of thermal cross-
linking increases with soaking time when the soaking temperature is fixed at 300 °C. 
Hence, the decrease in o-Ps lifetime (i.e., τ3 or corresponding mean pore size r3) is mainly 
resulted from the tightening of polymer chains during the cross-linking process. A 
comparison between the original PIM-1and the thermal-treated PIM-300−2d membrane 
sees a decrease of τ3 from 3.08 to 2.44 ns while the corresponding r3 dwindles from 3.69 











Table 5.2: PAL results of the original and the thermally cross-linked PIM-1 membranes 
 
Membranes τ3 (ns) I3 (%) R3 (Å) FFV(%) FFV(%)
 a
 
Original PIM-1* 3.08 ± 0.07 13.82 ± 0.34 3.69 ± 0.03 5.24 ± 0.26 23.9 ± 0.4 
PIM-300-0.5d 2.79 ± 0.07 13.11 ± 0.50 3.49 ± 0.04 4.20 ± 0.29 16.1 ± 0.6 
PIM-300-1.0d 2.59 ± 0.05 11.13 ± 0.26 3.36 ± 0.03 3.18 ± 0.16 15.9 ± 0.5 
PIM-300-1.5d 2.52 ± 0.09 10.48 ± 0.64 3.29 ± 0.05 2.82 ± 0.31 16.6 ± 0.4 
PIM-300-2.0d 2.44 ± 0.08 11.43 ± 0.58 3.23 ± 0.05 2.90 ± 0.27 17.1 ± 0.4 
 
a Calculated based on Bondi’s method  
*
 
Soaked in MeOH 
 
 
Generally, the calculated fractional free volume (FFV) based on τ3 value also indicates a 
decrease for the thermally cross-linked PIM-1 membranes when compared to the original 
PIM-1 membrane. One possible reason is due to the fact that the cross-linking reaction 
tightens polymer chains, thereby resulting in a lower free volume. It is worthwhile to point 
out that the PAL calculated FFV of PIM-1 membranes is smaller than the FFV calculated 
based on the Bondi’s method, and the calculated FFV of PIM-1 based on the Bondi’s 
method is consistent with previously reported results [12,14]. This is because PAL 
experiments only consider ultrafine micro-pores (i.e., <4 ns in τ3 value), while Bondi’s 
method takes consideration of all functional groups in PIM-1 polymer structures. In fact, 
the long lifetimes (i.e., >4 ns in τ4 value) of PIM-1 membranes were also observed in PAL 
experiments. However, due to the nature of slow positron beam, the long lifetimes of o-Ps 
observed results from both the positron beam itself and the large micro-pores in the PIM-1 
membranes. To reduce complexity, only three lifetimes were adopted without 




It has been verified that there are two kinds of pores in PIM-1 based materials: large 
micro-pores and ultrafine micro-pores [12, 14, 37]. The former is mainly attributed to the 
loosely packed polymer chains due to the kinked structure of PIMs, while the latter is the 
chain-to-chain distance of space-efficiently packed polymer chains. Generally, the loosely 
packed polymer chains create a large free volume in the membrane and contribute mostly 
to the high gas permeability, whereas the chain-to-chain spacing plays a determining role 
in gas-pair selectivity. With the occurrence of cross-linking reaction and formation of the 
bulky triazine ring with the planar structure, a synergistic effect for high permeability and 
high selectivity is created at one step resulting from a decrease in chain-to-chain spacing 
at one end of the polymer chain and an increased inefficiency of chain packing at the other 









Fig. 5.5: Two-dimensional representations of the contorted PIM-1 membrane before and 
after thermal cross-linking reaction with the formation of triazine rings. (a): Original PIM-
1 matrix (Time = 0); (b): Initiation of thermal cross-linking process (Time >> 0); (c): 
Completion of thermal cross-linking process (Time >>> 0) 
 
 
Referring to Figure 5.5a, the original PIM-1 polymer chains tend to pack inefficiently due 
to the contorted nature of PIM backbone, which in turn generates excess free volumes. 
When the thermal cross-linking reaction initiates, the formation of bulky planar triazine 
rings tends to pull the polymer chains closer to each other at one end (i.e., site of nitrile 
groups) as shown in Figure 5.3, thus resulting in an overall decrease in FFV (e.g., Figure 
5.5b) when compared to the host PIM-1 matrix. Additionally, the cross-linking reaction 
leads to a decrease in chain-to-chain spacing (i.e., verified by decreasing the τ3 value in 
PAL experiments), hence increasing the gas-pair selectivity. As the cross-linking reaction 
continues, more bulky planar triazine rings would be formed and possibly lead to the 
rearrangement of polymer chains. However, due to the nature of PIM materials that do not 
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possess rotational freedom along the polymer backbone [38], the formation of bulky 
planar triazine rings would further constrain the movement of those polymer chains (e.g., 
Figure 5.5c). Eventually, it would induce pronounced inefficient packing, thus increases 
free volume and enhances gas permeability with an increase in thermal soaking duration. 
This is somewhat explained by the PAL data as well. As can be seen from the Table 5.2, 
there is an obvious increase in o-Ps intensity (i.e., I3 from PAL experiments) when the 
PIM-1 membrane is thermally treated for a longer period of time. Although the thermal 
cross-linking reaction induces obvious reduction in chain-to-chain spacing, the overall 
FFV, which takes consideration of both τ3 and I3, still reveals an increase in PIM-300−2d 
membrane when compared to the membrane treated at a shorter period of time (i.e., PIM-
300−1.5d). 
 
To have a clearer picture of the pore size and free volume change of the thermally cross-
linked PIM-1 membranes, the MELT analysis was utilized and the result is depicted in 
Figure 5.6. An increase in thermal cross-linking duration clearly shifts the peak to the left 
and a relatively narrower distribution is also observed. However, as the thermal cross-
linking duration increases, the free volume distribution becomes broader, which suggests 
the various sizes of small pores have been generated when membrane is thermally treated 
for a longer period of time, thus the possibly more free volume and enhanced gas 
permeability. This is in agreement with the trend of decreasing τ3 and increasing I3 
concluded from PATFIT results. Therefore, an effective manipulation of free volume and 
pore size of the PIM-1 membranes can be achieved via the thermal cross-linking reaction 
at the elevated temperature with an appropriate thermal soaking time. The revolution of 
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free volume and pore size distributions to smaller pore radii or shaper distributions 
indicates the thermally treated PIM-1 membranes may have higher selectivity for specific 








5.2.3  Mixed Gas Tests and Potential Applications of Thermally Cross-Linked PIM-
1 Membranes 
 
Binary CO2/CH4 and CO2/N2 tests were conducted for PIM-300−2.0d membrane at 35 °C 
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and results are shown in Table 5.3. Generally, the gas permeability in mixed gas tests is 
lower than that in pure gas tests mainly ascribed to the competitive sorption in membranes 
[39]. Comparing the binary CO2/CH4 and CO2/N2 tests (i.e., both with the 50/50 mol% in 
feed) with the pure gas tests, there is an approximate 42% drop in CO2 permeability for 
binary CO2/CH4 tests when compared to a 27% drop in CO2/N2 tests. This is clearly 
indicating a more pronounced competitive sorption in the former than the latter due to the 
higher condensability of CH4 than N2 (e.g., Tc of CH4 is 190.6 K and Tc of N2 is 126.2 K 
[4]). Figure 5.7 shows gas separation performance of our cross-linked membranes in 
comparison with the Robeson’s upper bound. It is worth noting that the gas separation 
performance of the original PIM-1 membrane is slightly above the upper bounds. Our 
synthesized PIM-1 membrane is in fact better than the most literature reported data in 
terms of both gas permeability and selectivity [14−16]. It is suggested that the difference 
in gas separation performance from the literature data is mainly caused by different film 
formation protocols [12−15]. When the PIM-1 film is first treated at 300 °C for 0.5 d, the 
gas separation performance goes along with the upper bound line, which is typically seen 
in most of polymeric membranes. While a longer thermal treatment time is applied, the 
gas separation performance goes diagonally with the upper bound line. For example, in 
the H2/CH4 upper bound plot (i.e., Figure 5.7a), both gas permeability and selectivity 
increase when PIM-1 is thermally soaked from 0.5 to 2 d at 300 °C. As discussed 
previously, this is resulted from a joint effect of the tightening of polymer chains and 
formation of bulky triazine rings. Referring to Figure 5.7b, the binary gas separation 
performance also surpasses the most recent upper bound line, which strongly suggests that 
the thermally cross-linked PIM-1 membranes could be used in industry gas separation. 
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Additionally, the long-term stability test and the physical aging behavior of the selected 
membranes have been monitored and the results are shown in Figure 5.8. Compared to the 
original PIM-1, the thermally cross-linked membrane (i.e., PIM-300−2.0d) tends to have 
better membrane stability. With consideration of the stability over a longer period, future 
work will be focused on physical aging over a period of at least 3 months for the thermally 
cross-linked membranes and ways to enhance the degree of cross-linking reaction while 
minimizing the thermal energy consumed. 
 
Table 5.3: Mixed gas separation performance of the thermally cross-linked PIM-1 
membrane PIM-300-2.0d (Tested at 35 
o






N2 CH4 CO2 CO2/CH4 CO2/N2 
PIM-300-2.0d 
b
 96 73 4000 54.8 41.7 
Mixed gas (CO2/CH4: 50/50 %) 
PIM-300-2.0d -- 42.9 2317 54.0 -- 
Mixed gas (CO2/N2: 50/50 %) 
PIM-300-2.0d 75.2 -- 2924 -- 38.9 
 
a 














Figure 5.7a: Upper bound comparison [8] (H2/N2, H2/CH4 and O2/N2): PIM-PIM-8 (▲) 
[40], PIM-1 (∆) [10], PIM-1/silica MMM (○) [17], Carboxylated PIM-1 (♦) [18], UV-






Figure 5.7b: Upper bound comparison [8] (CO2/CH4, and CO2/N2): PIM-PIM-8 (▲) 
[40],PIM-1 (∆) [10],  Carboxylated PIM-1 (♦) [18],UV-cross-linked PIM-1 (●) [19], 












5.3  CONCLUSIONS 
 
The high performance PIM-1 membrane has been successfully synthesized in our 
laboratory. The chemical structure of PIM-1 has been confirmed by XPS, FTIR and NMR 
analyses. After the thermal treatment of the PIM-1 film at an elevated temperature (i.e., 
300°C) for an extended period of time, the PIM-1 polymer chains tend to undergo a latent 
self-cross-linking reaction forming stable triazine rings. Both FTIR and XPS analyses of 
the resultant cross-linked PIM-1 membranes support the occurrence of cross-linking 
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reaction and conversion of nitriles to imines. The degree of cross-linking reaction 
increases with an increase in thermal cross-linking time, which is also confirmed by gel 
content analyses. TGA analyses show an increase in thermal stability of the membrane 
after thermal cross-linking reaction and there is a reduction in the maximum 
decomposition rate when the PIM-1 membrane is thermally treated at a longer period of 
time. On the basis of PAL results, a clear reduction in τ3 value with an increase in thermal 
treatment time suggests the chain tightening effects in the cross-linking reaction, while the 
formation of bulky triazine rings in the planar structure during the cross-linking reaction 
simultaneously constrains the polymer chains and prevents them from moving around. 
With the nature of the contorted structure of PIM-1 backbone, the cross-linking reaction 
would lead to the pronounced inefficient chain packing, thus an increase in free volume 
and gas permeability with the increase in thermal soaking time. In general, the thermally 
cross-linked PIM-1 membranes demonstrate exceptional gas separation performance that 
surpasses the most recent upper bounds for the important gas pairs, such as H2/N2, 
CO2/CH4, and CO2/N2. An ideal CO2/CH4 selectivity of 54.8, which is almost four times 
higher than the host PIM-1 membrane, with CO2 permeability of 4000barrer was obtained 
for PIM-1 membrane treated at 300°C for 2d, and mixed gas tests revealed a similar 
selectivity of 54. In conclusion, the thermally cross-linked PIM-1 membranes will 
possibly provide a promising alternative in industrial flue gas separation, natural gas 
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UV-REARRANGED PIM-1 POLYMERIC MEMBRANES FOR ADVANCED 




6.1  INTRODUCTION 
 
Following the research of the polymers of intrinsic microporosity (PIMs), a novel class of 
polymers for gas separation in the previous chapter, several works have been tried to 
post-modify the PIM-1 (i.e., one of the most well-known type PIMs) membranes and to 
further enhance its gas transport properties primarily with respect to gas-pair selectivity 
[1-5]. However, all those works have been focused on post-modifying nitrile groups of 
PIM-1 to either enhance the interaction with some specific gas molecules (e.g., CO2) [2-5] 
or induce cross-linking reaction to tighten chain-to-chain spacing [1]
 
without interference 
of spiro-carbon centre (i.e., micro-pores). As we understand, both micro-pores and ultra-
fine pores exist in PIM-1 polymer matrix [1, 6, 7]. The micro-pores are mainly attributed 
to the loosely packed polymer chains due to the kinked structure of PIMs at the spiro-
carbon centre, thus creates a large free volume in the membrane and contributes mostly to 
the high gas permeability; while the ultra-fine pores are resulted from the efficient chain-
to-chain spacing mainly at the site of nitrile groups, thus plays a determining role in gas-
pair selectivity. As a result, the previous proposed modifications mainly modified the 
nitrile sites without disturbing the architecture of spiro-carbon centre and the 
microporous structure. This, on the other hand, suggests that gas separation performance 
before and after modifications may not be much different since the spiro-carbon induced 





In addition, the previous works on modified PIM-1 membranes had never aimed at the 
separation of H2 over CO2 since an effective H2/CO2 diffusivity selectivity could not be 
realized due to the presence of excess free volume and large micro-pores created by the 
spiro-carbon centre. In fact, the separation of H2 and CO2 by polymeric membranes is 
extremely troublesome because of the small size of H2 and high condensability of CO2. 
As a consequence, the counter balance between high H2/CO2 diffusivity selectivity and 
high CO2/H2 solubility selectivity results in most polymers with a relatively lower 
selectivity for the H2 and CO2 pair when compared to other gas pairs. Thus, membranes 
with a high H2/CO2 selectivity could only be feasible when the H2/CO2 diffusivity 
selectivity is maximized while the CO2/H2 solubility selectivity is maintained or 
minimized.  
 
With this concept in mind, a key advantage of this work over literatures [1-5] is to 
conduct a direct alteration on spiro-carbon centre in order to maximize the effect of 
conformational change in the PIM-1 backbone. It is expected that any approach to 
weaken the spiro-carbon centre would result in considerable decreases in both fractional 
free volume (FFV) and pore radius of micro-pores, and thus significantly drop gas 
permeability. Therefore, the purposes of this study are to (1) molecularly design the 
cavity size of PIM-1 membranes by means of UV irradiation, (2) investigate the 
evolution changes of free volume and structural conformation, and (3) explore the 
separation mechanism and the relationship between a series of gas pair separations and 
the duration of UV irradiation. To the best of our knowledge, no one has published any 
PIM-related works for the separation of H2 over CO2. The UV irradiation process would 
134 
 
be discussed in details to elucidate the reaction mechanism. In addition to conducting 
binary mixed gas tests, a small amount of carbon monoxide (CO) is also included in 
tertiary mixed gas tests aiming at potential industrial applications for H2 production and 
purification.  
 
6.2  RESULTS AND DISCUSSION 
6.2.1   Structural Determination and Characterization of UV-Irradiated PIM-1 
Membranes 
6.2.1.1 Is There a Cross-linking Reaction during the UV-Irradiation Process?  
 
Although PIM-1 has been reported to undergo cross-linking reaction through direct 
covalent bonds between nitrile groups during the UV-irradiation process [5], this is 
believed to be a probable misunderstanding of the reaction.  A series of characterizations 
were carried out to verify our hypothesis. Figure 6.1 reveals the thermal stabilities and the 
degradation curves of the original PIM-1 and the UV-irradiated PIM-1 membranes (i.e., 
PIM-UV30min and PIM-UV4hr) by TGA analyses. Typically, self-cross-linked 
membranes tend to be more thermally stable than pristine membranes [1, 8]. As can be 
seen from Figure 6.1, all membranes are thermally stable up to 400 
o
C possibly due to the 
strong dipolar interactions of nitrile groups [1, 6]. Moreover, all membranes contain a 
char yield of more than 65 wt% at 750 
o
C due to the unusual thermal stability of the 
intrinsic microporosity material. It is worth noting that the UV-irradiated PIM-1 
membrane does not lead to the extended stability of membrane structure, rather it starts to 
decompose at around the same temperature as the pristine PIM-1 membrane. Besides, all 
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membranes exhibit the highest decomposition rate at approximately the same temperature 
(i.e., 520 
o
C). The unaffected thermal stability of the PIM-1 membranes before and after 
the UV irradiation treatment implies the absence of cross-linking reaction during the UV 




Figure 6.1: TGA analyses of the original and the UV-irradiated PIM-1 membranes 
 
 
Another good indication for the occurrence of cross-linking reaction could be provided 
by the gel content analysis. It is well recognized that the cross-linked polymer chains tend 
not dissolve or only partially dissolve in the solvent that being used for the original 
polymer [9-11]. The higher the extent of cross-linking reaction, the more the gel content 
is. Interestingly, in this work, all UV-irradiated PIM-1 membranes dissolve completely in 
the solvent DCM regardless of UV irradiation duration, which further questions the event 
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of cross-linking reaction. FTIR analyses were also undertaken to monitor the possible 
structural change before and after the UV irradiation treatment. Figure 6.2 depicts the 
FTIR spectra for the original and the UV-irradiated PIM-1 films. The prominent peak at 
2237 cm
-1
 is attributed to the -C≡N stretching, while the strong band in the region 2800 – 
3000 cm
-1
 is due to the asymmetric and symmetric stretching of -CH3 group in the PIM-1 
backbone. Comparing the pristine PIM-1 film with the UV-irradiated films, there are no 
clear shift of peaks and indeed, no formation of new groups too. Besides, the area ratio of 
-CH3 over -C≡N also reveals no change before and after the UV irradiation treatment. 
The results appear to confirm a possible no cross-linking reaction through direct covalent 










6.2.1.2 Structural Determination of the UV-Irradiated PIM-1 Membrane 
 
Figure 6.3 reveals the possible photochemical reaction mechanism of PIM-1 membrane. 
It is believed that the C-H containing PIM-1 membrane undergoes homolytic cleavage 
with the exposure to UV irradiation. This is elaborated as the C-H bond initiated 
intramolecularly 1,2-migration on PIM-1 chains to break covalent bonds. Generally, the 
selectivity of C-H in this reaction follows the reaction pattern of tertiary > secondary > 
primary C-H bonds [12, 13]. Thus, the expected reaction sites of alkyl groups in PIM-1 is 
in the order of =CH- in the phenyl groups, then to >CH2 and -CH3. However, due to the 
highly conjugated π–electrons in the benzene rings, the C-H bonds of the phenyl groups 
are not easily attacked by ultraviolet energy [13]. Therefore, the most probable reaction 
site is at the >CH2 group. Under the UV irradiation, the originally covalently 
bonded >CH2 tends to break up, release one hydrogen atom and form a radical-ion 
intermediate (e.g., Intermediate I). Due to the influence of the nearby alkyl group, an 
intramolecular 1,2-migration reaction may take place and form a cyclohexyl radical 
intermediate (e.g., Intermediate II). With the abstraction of another hydrogen atom in the 
reactive intermediate II, a more stable rearranged PIM-1 may occur [14]. As a result, the 
spiro-carbon centre in the original PIM-1 has been destroyed with the formation of a 
cyclohexyl ring in the UV-rearranged PIM-1. The hypothesized structural change after 







Figure 6.3: Proposed mechanism for the photochemical reaction of PIM-1 membranes 
 
 
Figure 6.4 shows the 
1
H NMR spectra of the original PIM-1 and PIM-UV4hr membranes. 
As illustrated in Figure 6.4a, the 
1
H spectra of the original PIM-1 can be unambiguously 
assigned with the aid of literature data [2, 15]. Specifically, the H-2, 3 at 2.2 – 2.4 ppm 
are assigned to aliphatic protons, whereas the two distinct singlets of H-4, 5 are attributed 
to aromatic protons. Quantitatively, the area integration ratio of all proton peaks is about 
2 : 2 : 6 (i.e., ratio of CH : CH2 : CH3 after the removal of the water peak), which is well-
coincident with the theoretical protons ratio based on the chemical structure of the 
original PIM-1. Compared to the pristine PIM-1, the UV-irradiated PIM-1 reveals no 
obvious shift of proton peaks as shown in Figure 6.4b. However, the integrated area of 
the aliphatic proton has reduced from 2 to 1.74 (i.e., half the integrated area of aliphatic 
protons in Figure 6.4b), while the other proton areas (i.e., both methyl and aromatic 
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protons) remain unchanged after the UV irradiation process. This may possibly suggest 
the cleavage of aliphatic protons during the UV irradiation process and the formation of 
the rearranged PIM-1 as proposed in Figure 6.3.  Based on this estimation, the conversion 
of the original PIM-1 to the rearranged PIM-1 in this photochemical reaction is about 
28 %. However, it remains unknown why the extent of reaction is so low although the 
UV irradiation duration has reached 4 hr. Future work will be focused on ways to 








H NMR analyses of the original and the UV-irradiated PIM-1 membranes 
 
 
The destruction of spiro-carbon centre will have immediate effects on d-space and chain 
packing. XRD analyses were performed to study the possible change in the interstitial 
space of the PIM-1 films and the results are shown in Figure 6.5. Several distinct 
141 
 
amorphous peaks with the d-spaces ranging from 3.8 to 11.9 Å could be observed in all 
PIM-1 based membranes. This observation is consistent with other reported works [6, 16]. 
Referring to the original PIM-1 membrane, the largest d-spacing of about 11.9 Å 
represents the d-space between the adjacent spiro-carbons along a single chain [16]. The 
peak at the angle of about 6.6 Å is probably attributed to the loosely packed polymer 
chains due to the kinked nature in PIM-1 and this, on the other hand, also induces the 
formation of micro-pores in the polymer matrix [16, 17]. In fact, this is one of main 
reasons that PIM-1 membranes have excess free volume and high gas permeability.  The 
middle peak, which has a d-space of 4.9 Å is believed to be the d-space of efficiently 
packed polymer chain-to-chain distance and contributes directly to the conformation of 
ultra-fine pores [17]. Comparing the UV-rearranged PIM-1 films with the original PIM-1, 
there is a noticeable shift of the peak to the right at the d-spacing of about 6.6 Å, 
especially for PIM-UV4hr, suggesting that the UV-rearranged PIM-1 membranes tend to 
have better polymer chain packing and smaller micro-pores than in the pristine PIM-1 
membrane. In addition, after the UV treatment, the peak with the highest d-spacing (e.g., 
~ 11.9 Å) becomes notably vague or even disappears. This is directly resulted from the 
destruction of the spiro-carbon centre during the UV irradiation process.  In conclusion, 
the UV rearrangement reaction induces (1) destruction of spiro-carbon centre in the 
original PIM-1 backbone, (2) rearrangement of polymer chains toward efficient polymer 






Figure 6.5: XRD analysis of the original and the UV-irradiated PIM-1 membranes 
 
 
6.2.2  Pure Gas Separation Performance 
 
The pure gas separation performance of the original PIM-1 and the UV-irradiated PIM-1 
membranes is shown in Table 6.1. The original PIM-1 membrane exhibits extremely high 
gas permeability and moderate selectivity for all gases, which are consistent with the 
previously reported results [1, 18, 19]. Referring to the UV-irradiated PIM-1 membranes, 
generally, the gas permeability decreases with increasing UV irradiation time.  However, 
not all gases are affected to the same degree. Figure 6.6 shows the relative permeability 
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P/Po, where Po is the permeability of the pristine PIM-1 as a function of irradiation time. 
As can be seen, for large molecules like O2, CO2, N2 and CH4, P/Po declines sharply with 
the irradiation time at the beginning, and tends to level off after 30 min irradiation.  On 
the other hand, H2 shows a relatively smaller drop in permeability over the entire 
irradiation period. The largest permeability reduction in P/Po is for CH4. In fact, the 
extent of permeability reduction follows a trend related to the penetrant size of gas 
molecules. The larger the gas molecule, the faster the permeability drops with increasing 
UV irradiation duration. This may imply that the diffusivity coefficient has the most 
impact in affecting gas permeability since the diffusivity ability in the polymer matrix is 
very much affected by penetrant size only. Sorption studies were carried out on selected 
membranes to verify this implication and the results are shown Table 6.2. As revealed in 
Table 6.2, the solubility coefficients fairly remain constant while the diffusivity 
coefficients descend considerably with the UV irradiation time. For example, in CO2 
sorption studies, the diffusivity coefficient drops more than 100 times from the pristine 
PIM-1 membrane to 0.3 cm
2
/s after UV irradiation time of 4 hr. Thus, the decrease in 
diffusivity coefficient is primarily contributed to the reduction in gas permeability. To be 
exact, this may propose that the decrease in gas permeability is mainly caused by the 
shrinkage of large micro-pores (due to the destruction of the spiro-carbon centre) in the 
polymer matrix since it has the most impact to high gas permeability in the original PIM-
1 membrane. As a result, the drop in gas permeability (e.g., especially for large gas 
molecules) in this work is much more pronounced than in other PIM-1 based modified 
membranes [1-4]. On the other hand, this may also suggest that the UV-irradiated 
membranes have a smaller pore size and FFV than those in the pristine PIM-1 membrane.  
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Table 6.1: Pure gas separation performance of the original and UV-irradiated PIM-1 
membranes at the different UV irradiation time (Tested at 35
o






) Ideal selectivity 
H2 O2 N2 CH4 CO2 H2/N2 O2/N2 CO2/CH4 H2/CO2 
Original PIM-1 3731 1172 309 431 6601 12.1 3.8 15.3 0.6 
PIM-UV10min 3636 952 225 283 4560 16.2 4.2 16.1 0.8 
PIM-UV20min 2818 416 73.6 62.1 1869 38.3 5.7 30.1 1.5 
PIM-UV30min 2247 189 27.7 23.1 724 81.1 6.8 31.3 3.1 
PIM-UV1hr 1488 97.8 14.9 13.2 348 99.9 6.6 26.4 4.3 
PIM-UV2hr 553 30.9 4.9 4.7 118 112 6.3 25.1 4.7 
PIM-UV4hr 452 16.5 2.7 2.6 61.9 166 6.1 23.7 7.3 
a 
All UV-treated membranes were carried out at a fixed UV distance of 2 cm and UV 




















Figure 6.6: Effect of UV-irradiation time on relative permeability (P/Po) for various gases. 




































Original PIM-1 431.0 79.2 5.4 6601.0 212.2 31.1 2.7 5.7 15.3 
PIM-UV30min 23.1 76.8 0.3 724.0 211.0 3.4 2.7 11.4 31.3 
PIM-UV1hr 13.2 75.8 0.2 348.0 210.0 1.7 2.8 9.5 26.4 
PIM-UV4hr 2.6 77.4 0.03 61.9 216.5 0.3 2.8 8.5 23.8 
 
a 































The possible reduction of pore size in the UV-irradiated membranes has been verified by 
PAL experiments. Figure 6.7 depicts the free volume distributions of the pristine and the 
UV-irradiated PIM-1 membranes with the help of MELT analyses. The increase in UV 
irradiation duration clearly shifts the peak to the left (i.e., decrease in o-Ps lifetime or 
reduction in free volume radius) and meanwhile, results in a relatively narrower free 
volume distribution. A comparison between the original PIM-1 and the UV-treated PIM-
UV4hr membrane reveals a decrease of o-Ps lifetime from 3.08 to 1.93 ns while the 
corresponding free volume radius dwindles from 3.69 to 2.79 Å. The sharpening of free 
volume distribution with UV-irradiation time may possibly enhance the size-exclusion 
ability, thus increase overall gas-pair selectivity. Besides the shrinkage in pore size, 
another immediate effect of this UV rearrangement process is to have a densified 






Figure 6.7: PAL analysis of the original and UV cross-linked PIM-1 membranes 
 
 
The reduction in overall FFV and pore size is primarily ascribed to the decrease in micro-
pores which induces much efficient polymer chain packing after the 1,2-migration 
photochemical reaction. Figure 6.8 shows the molecular simulation for the major 
conformational changes of the original PIM-1and the UV-rearranged PIM-1 (i.e., PIM-
UV4hr). Due to the contorted nature of the spiro-carbon in the centre of the polymer 
chain, the pristine PIM-1 reveals a dihedral angle of close to right angle (i.e., 91.4 
o
 from 
the both end to the spiro-carbon centre). As a result, the stiff spiro-carbon induces 
inefficient polymer chain packing and is responsible for the high free volume in the 
pristine PIM-1 polymer matrix. Whereas the UV-rearranged PIM-1 has a dihedral angle 
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close to 166.7 
o
, which indicates that the UV-rearranged PIM-1 has an almost flat or 
planar polymer chain structure. Thus, the UV-rearranged PIM-1 is expected to have a 
better polymer chain packing and a smaller FFV than the original PIM-1 matrix. These 
have been verified by molecular dynamics simulation. As revealed in Figure 6.9, the 
simulated FFV reveals a considerable drop of FFV from 0.255 to 0.148 after the UV 
irradiation treatment when a Connolly radius of 1.45 Å is used (i.e., kinetic radius of H2). 
Therefore, with this new close-to-planar polymer chain structure, the UV-rearranged 










Figure 6.9: Simulated amorphous cells of (a) the original PIM-1 and (b) the UV-
rearranged PIM-1 (grey: Van der Waals surface; blue: Connolly surface with probe radius 
of 1.45 Å) 
 
 
In comparing the gas permeability of the original PIM-1 with the UV-irradiated PIM-1 
membranes, a noteworthy observation is that the original PIM-1 membrane exhibits a 
trend of PCO2 > PH2 and PCH4 > PN2, whereas in the UV cross-linked membranes, it has a 
reverse trend that PH2 > PCO2 and PN2 > PCH4. This is closely related to the molecular 
properties of the permeating gases and the nature of permeation processes. In detail, gas 
permeability is a contribution of both diffusivity and solubility coefficient. The kinetic 
diameters of H2 (dk = 2.89 Å) and N2 (dk = 3.64 Å) molecules are smaller than CO2 (dk = 
3.3 Å) and CH4 (dk = 3.8 Å) molecules, respectively, thus diffusion favors H2 and N2; but 
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CO2 (Tc = 304.2 K) and CH4 (Tc = 190.6 K) are more condensable than H2 (Tc = 33.2 K) 
and N2 (Tc = 126.2 K), and so solubility favors CO2 and CH4. In the original PIM-1 
membrane, CO2 and CH4 permeate faster than H2 and N2, respectively, indicating that the 
solubility contribution is dominant mainly ascribed to the presence of the excess free 
volume in the original PIM-1 membrane. Whereas in the UV-irradiated PIM-1 
membranes, H2 and N2 permeates faster than CO2 and CH4, respectively, demonstrating 
that the diffusivity contribution to permeability is greater than the solubility contribution. 
As a result, the PIM-1 based membranes turn from the originally CO2 selective (i.e., 
CO2/H2) to the H2 selective (i.e., H2/CO2) after the UV irradiation treatment. For example, 
the original PIM-1 membrane has H2/CO2 selectivity of 0.6, whereas the selectivity of 4 
hr UV-treated PIM-1 membrane is 7.3.   
 
It is noteworthy that the increase in UV irradiation time also alters the separation 
performance of different gas-pairs. Figure 6.10 plots various gas-pair selectivity against 
UV-irradiation time. For O2/N2 and CO2/CH4, the highest selectivity is observed for the 
membranes undergone 30 min UV irradiation, and the selectivity for H2/N2 and H2/CO2 is 
getting higher and higher with increasing UV-irradiation time. This is resulted from the 
diffusion ability of different gas penetrants. Initially, the high free volume and large pore 
size resulted from the contorted nature of the original PIM-1 membrane enables all gas 
molecules to diffuse through easily. As the UV-irradiation time increases, the 
replacement of the kinked structure with the newly formed close-to-planar PIM-1 
polymer structure results in the rearrangement of polymer chains and shrinkage of large 
micro-pores. As a consequence, both FFV and pore size of the UV-rearranged membrane 
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decreases with UV irradiation time. At one point, the pore size in the polymer matrix may 
reach an extent to clearly distinguish two gas molecules, thus enhances the gas-pair 
selectivity (e.g., selectivity of O2/N2 and CO2/CH4 under 30 min UV irradiation time). 
However, the prolonged UV irradiation time further diminishes FFV and pore size, leads 
to the difficulty in diffusion of almost all large gas molecules (e.g., O2, N2, CO2 and CH4), 
and thus induces the reduced gas-pair selectivity. On the other hand, the smallest H2 
molecules still manage to diffuse through easily and hence, selectivity for H2/N2 and 
H2/CO2 increases monotonically with the UV irradiation time.  In summary, the UV-
rearranged PIM-1 membrane considerably reduces gas permeability; but at the same time, 
radically amplifies the diffusivity selectivity of H2/CO2, thus results in a continuous 





Figure 6.10: Effect of UV-irradiation time on gas-pair selectivity. The lines connected 





This interesting process is somewhat verified by sorption results shown in Table 6.2. As 
discussed previously, the reduction in gas permeability along with increasing UV 
irradiation time is mainly resulted from the decreased diffusivity ability of gas molecules 
due to the reduced pore size and FFV. Using CO2 and CH4 sorption data as examples, the 
solubility selectivity of CO2/CH4 is little affected under different UV irradiation times, 
thus the enhanced gas-pair selectivity is resulted from the increased diffusivity selectivity 
of CO2/CH4. To examine more closely, the highest diffusivity selectivity of CO2/CH4 is 
for the 30 min UV-irradiated PIM-1 membrane (i.e., PIM-UV30min). UV irradiation 
longer than 30 min leads to a reduced diffusivity selectivity. This can be better accounted 
for the reduced membrane pore size that no longer effectively discriminates CO2 over 
CH4 molecules, and both molecules have almost the same difficulties and diffusion rates 
across the membrane.   
 
6.2.3  Mixed Gas Separation Performance and the Upper Bound Comparison 
 
Mixed gas tests were conducted for various UV-irradiated membranes at 35 
o
C and 
results are summarized in Table 6.3.  Generally, the gas permeability in mixed gas tests is 
lower than that in pure gas tests mainly ascribed to the undesirable competitive sorption 
between the two gases [20, 21]. In considering the possible minor contaminants of CO in 
hydrogen enrichment process and H2S in natural gas stream, both components with a 
reasonable amount are also involved in the mixed gas tests. Referring to tertiary 
H2/CO2/CO tests, the addition of 1.0 wt% CO has little effect towards H2/CO2 separation. 
In contrary, the addition of 0.05 wt% H2S in the CO2/CH4 mixture significantly alters 
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both gas permeability and selectivity. There is an approximate 50 % drop in CO2 
permeability and a two-fold decrease in CO2/CH4 selectivity in the tertiary CO2/CH4/H2S 
test when compared to the binary CO2/CH4 test. This is presumably contributed from the 
sorption and plasticization effects of this highly condensable H2S gas that cause the 
polymer matrix to swell, lead to the increased permeability of the slower gas (i.e., CH4) 
and reduce selectivity [22]. Meanwhile, the pronounced competitive sorption between 
H2S and CO2 also results a substantial drop in CO2 permeability.   
 
Table 6.3: Mixed gas separation performance of the UV-irradiated PIM-1 membranes 
(Tested at 35
o







H2 CH4 CO2 H2/CO2 CO2/CH4 
Mixed gas with feed composition of H2/CO2: 50/50% 
PIM-UV2hr 293 (553)
c
 -- 62.4 (118) 4.7 (4.7) -- 
PIM-UV4hr 265 (452) -- 37.2 (61.9) 7.1 (7.3) -- 
Mixed gas with feed composition of H2/CO2/CO: 50/49/1% 
PIM-UV2hr 294 -- 61.1 4.7 -- 
PIM-UV4hr 264 -- 36.5 7.3 -- 
Mixed gas with feed composition of CO2/CH4: 50/50% 
PIM-UV20min -- 61.3 (62.1) 1554 (1869) 
c
 -- 25.4 (30.1) 
PIM-UV30min -- 20.4 (23.1) 724 (745) -- 29.3 (31.3) 
Mixed gas with feed composition of CO2/CH4/H2S: 50/49.95/0.05% 
PIM-UV20min -- 82.6 745 -- 9.1 
PIM-UV30min -- 33.7 367 -- 10.9 
 
a  
All UV-treated membranes were tested at a fixed UV distance of 2 cm and UV 
















Number in parentheses is the permeability and ideal selectivity tested by pure gases 
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Figure 6.11 shows gas separation performance of the UV-irradiated membranes in 
comparison with the latest Robeson’s upper bound. As can been seen, the UV-irradiated 
PIM-1 membranes demonstrate exceptional gas separation performance, surpassing the 
most recent upper bound of conventional and state-of-the-art polymeric membranes for 
the important gas pairs, such as H2/N2, O2/N2, CO2/CH4 and H2/CO2 separations. Most 
importantly, to the best of our knowledge, the H2/CO2 separation performance of our UV-
irradiated polymeric membranes outperforms most of the literature results, especially in 
terms of H2 permeability. Additionally, both the binary and tertiary gas separation 
performance also surpass the upper bound line for H2/CO2 separation, which strongly 
suggests that the UV-rearranged PIM-1 membranes could be potentially used in industry 








Figure 6.11: Upper bound comparison (H2/N2, O2/N2, CO2/CH4 and H2/CO2): 
Poly(imidesiloxane) copolymer ( ) [23],Polysulfone/zeolite 3A MMM ( ) [24],6FDA-
NDA-PDA (90 min) ( ) [25],  PBI/ZIF-7 MMM ( ) [26] 
 
 
6.3  CONCLUSION 
 
UV-rearranged PIM-1 dense films were post-modified successfully in this work. It is 
believed that the photochemical reaction does not involve the cross-linking reaction 
between the nitrile groups in the PIM-1 backbone. Rather, under the UV irradiation 
process, PIM-1 backbone undergoes homolytic cleavage at C-H bond and 
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intramolecularly 1,2-migration reaction to form the UV-rearranged PIM-1, which was 
verified by 
1
H NMR analyses. The resulted UV-rearranged PIM-1 destructs the kinked 
nature of the original PIM-1 and results in the substantial drop in both FFV and pore size. 
The molecular simulation reveals that the PIM-1 has changed from the original contorted 
structure into a close-to-planar structure after the rearrangement process. Besides, there is 
a considerable drop in FFV based on the molecular dynamics simulation.   
 
The original PIM-1 exhibits extremely high gas permeability mainly ascribed to the 
contorted nature that induces excess free volume in the polymer matrix. After the UV 
irradiation treatment, there is comprehensible drop in permeability due to the disturbed 
polymer chain backbone that results in the rearrangement of polymer chains, and thus 
decreases in pore size and FFV in the polymer matrix.  In light of the PAL results, a clear 
reduction in τ3 value and sharpening of free volume distribution with an increase in UV 
irradiation time provides clear evidence for this. It is, therefore, can be concluded that the 
decrease in gas permeability is primarily contributed to the decrease in diffusivity 
coefficient. Likewise, the increase in gas-pair selectivity is also resulted from the 
increased diffusivity selectivity under the UV irradiation treatment. In general, the UV-
irradiated PIM-1 membranes demonstrate exceptional gas separation performance that 
surpasses the most recent upper bound of conventional and state-of-the-art polymeric 
membranes for the important gas pairs, such as H2/N2, CO2/CH4 and H2/CO2. Particularly, 
to the best of our knowledge, the separation performance of H2/CO2 is one of the best 
revealed in literatures. For example, the UV-rearranged PIM-1 (i.e., PIM-UV4hr) has H2 
permeability of 452 barrer and an ideal H2/CO2 selectivity of 7.1. The newly developed 
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membrane also shows stable mixed gas separation performance in the presence of CO, 
suggesting its great potential for industrial hydrogen enrichment processes.    
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DEVELOPMENT AND POSITRON ANNIHILATION SPECTROSCOPY (PAS) 
CHARACTERIZATION OF POLYAMIDE IMIDE (PAI)–
POLYETHERSULFONE (PES) BASED DEFECT-FREE DUAL-LAYER HOLLOW 
FIBER MEMBRANES WITH AN ULTRATHIN DENSE-SELECTIVE LAYER 






Membrane gas separation technology has drawn much attention from both academia and 
industries over the last 40 years. Although this technology has not gained a strong 
foothold in the petrochemical and refinery industry for separating certain components 
from a gas stream, e.g., pre-combustion capture of carbon dioxide (CO2) from hydrogen 
(H2), post-combustion capture of CO2 from nitrogen (N2) and olefin/paraffin separation, 
it has been progressively advanced and recognized to have greater potential compared to 
traditional gas separation technologies, e.g. amine absorption,  pressure swing adsorption 
(PSA) or cryogenic separation[1, 2].  This is because membrane technology offers a 
series of advantages such as simplicity, small footprint, low maintenance and energy 
consumption, reduced cost and environmental friendliness.  
 
Studies have shown that hollow fiber is one of the most favorable membrane 
configurations in industry mainly ascribed to its high surface area over unit volume 
which provides a higher productivity than other membrane types [3-6]. After Mahon 
patented the very first polymeric hollow fiber membrane for gas separation in 1960s [7], 
many researchers have focused on the study of the phase-inversion mechanisms, rheology 
of polymer solutions, membrane morphologies and formation of high performance 
single-layer hollow fiber membranes [8-19]. With the advent of co-extrusion technology 
and the first dual-layer hollow fiber membranes fabricated by Yanagimoto [20], the 
hollow fiber fabrication process reached another milestone. The superiority of the co-
extrusion technology lies in the ability to allow two polymer solutions to be extruded 
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simultaneously from a dual-layer spinneret. It reduces the material cost tremendously 
since the costly high performance material is used only as the outer functional layer, 
whereas a relatively cheaper material is usually adopted as the inner support layer.  
 
The fabrication of defect-free high performance dual-layer hollow fiber membranes has 
been extremely difficult and it remains a great challenge for membrane scientists. This is 
mainly due to the more sophisticated spinning process of dual-layer hollow fiber 
membranes than that of the single-layer. The researchers and scientists need to consider 
the phase inversion pathways of the two different polymer solutions, the rheological 
effects of the materials, and compatibility of the polymers in the dual-layer hollow fiber 
spinning process. Additionally, the delamination between the two layers induced by the 
polymer solutions is always a great issue in dual-layer hollow fiber membranes as it may 
easily cause defects in the outer selective layer and deteriorate the membrane separation 
performance. It may also lead to the formation of a dense layer at the interface, increase 
the sub-layer resistance, and eventually reduce the membrane productivity [21].  
 
From membrane formation [21-23] or engineering point of view [24], the issues of 
defective selective layer and delamination could be addressed. However, to our best 
knowledge, none of previous studies has been able to achieve dual-layer hollow fiber 
membranes with a defect-free ultrathin dense-selective layer for gas separation without 
post annealing. It is believed that a defect-free membrane would eliminate the post 
membrane treatment process and economize the membrane production cost; while the 
membrane with an ultrathin dense-selective layer may optimize the membrane separation 
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productivity and further promote the commercialization of the membrane process. In 
addition, a comprehensive understanding and prediction of the morphological change and 
its effects on gas transport properties for dual-layer hollow fiber membranes are not 
trivial because of the lack of advanced characterization technologies, especially at the 
molecular level. 
 
In this work, the purposes are to fabricate polyamide imide (PAI)
 
- polyethersulfone (PES) 
polymeric dual-layer hollow fibers with a defect-free ultrathin dense-selective layer for 
gas separation and to explore the utilization of positron annihilation spectroscopy (PAS) 
technique to characterize PAI
 
-PES based dual-layer hollow fiber membranes. Torlon
®
 
4000TF polyamide imide (PAI)
 
was chosen as the outer-layer material due to its superior 
mechanical, thermal and oxidative properties [25]. In addition, recent studies have shown 
that PAI
 
is one of the promising polymeric materials for gas separations because of its 
excellent intrinsic properties for O2/N2 and CO2/CH4 separations [18, 19, 26]. 
Polyethersulfone (PES), a commercially available and relatively cheaper polymer than 
PAI
 
polymer, was used as the inner supporting material.  The gas separation performance 
(permeance and selectivity), S and R parameters from PAS experiment as well as 
membrane morphology by means of field emission scanning electron microscopy 
(FESEM) could be correlated to reveal the layer-by-layer membrane structure and 






7.2  RESULTS AND DISCUSSION 
7.2.1 Defect-free PAI
 
-PES Dual-layer Hollow Fiber Membranes with an Ultrathin 
Dense-selective Layer for Gas Separation 
 
Since dope formulation, take-up rate and outer-layer dope flow rate are some key 
parameters to fabricate high performance dual-layer hollow fiber membranes, a set of 
experiments based on these factors were designed. The detailed investigation and 
experimental results are summarized in the following sections.  
 
7.2.1.1 Morphological Integrity of As-spun PAI
 
-PES Dual-layer Hollow Fiber 
Membranes 
 
Ideally, dual-layer hollow fiber membranes shall consist of a thin functional outer layer 
and a fully porous sub-supporting layer. In this work, a dope formulation of low polymer 
concentration and high DG content (i.e., PES/NMP/DG at 27/42/31 wt%) was initially 
chosen in the inner layer.  Figure 7.1 shows the cross-sectional morphologies of the 
resultant dual-layer hollow fiber membranes, while Figure 7.2 reveals the surface 
morphologies at various locations. A fully porous inner cross-sectional structure with 
severe delamination between the outer PAI
 
layer and the inner PES layer can be clearly 
seen in Figure 7.1A for the fiber spun with a lower polymer concentration (i.e., 
PES/NMP/DG at 27/42/31 wt%). The serious delamination occurred in this case is 
mainly attributed to the low inner polymer concentration adopted, that induced profound 
shrinkage during the phase inversion process.  In addition, the delaminated dual-layer 
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hollow fiber membrane (i.e., Figure 7.2A right image) shows a dense structure in the 
inner surface of its outer layer. This is possibly resulted from the fact that delamination 
creates a gap between the two layers for coagulants and polymer-poor phase fluids to fill 
in and induces an instantaneous demixing. This dense structure at the interface may 
create an additional resistance for gas transport, and hence reduce the productivity of 
dual-layer hollow fiber membranes. 
 
 
Figure 7.1: Cross-section morphologies of dual-layer hollow fiber membranes with two 
different inner-dope compositions. A and B are fibers spun with inner-layer dope 
compositions of PES/NMP/DG (27/42/31) and PES/NMP/DG (32/48/20), respectively. 
 
 
In order to minimize the impact caused by delamination, the inner dope formulation was 
then adjusted to a higher polymer concentration (i.e., PES/NMP/DG at 32/48/20 wt%). 
As can be seen in Figure 7.1B, delamination has been quite lessened while still keeping 
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the porous inner-layer morphology. This is due to the fact that the percentage of 
shrinkage of the inner layer during phase inversion becomes smaller since it is spun from 
a solution with a higher polymer concentration. Consistent with previous studies [21, 22], 
adjusting inner dope concentration is one of crucial factors to diminish delamination. 
Although a complete removal of delamination is very difficult since the properties of two 
polymers used in the outer and inner layers have many differences, the purpose of 
minimizing the negative effect of delamination has been achieved to form a relatively 
porous interface and reduce the sub-layer resistance by adjusting the inner dope 
composition. As shown in Figure 7.2B, some pores are present on the inner surface of the 
outer layer after diminishing the delamination, while Figure 7.2A does not exhibit the 
pores due to the significant delamination. Therefore, the minor delamination observed in 
this study may not have serious impact towards the gas separation performance which 







Figure 7.2: Surface morphologies of dual-layer hollow fiber membranes with two 
different inner dope compositions. A and B are fibers spun with inner-layer dope 
compositions of PES/NMP/DG (27/42/31) and PES/NMP/DG (32/48/20), respectively. 
 
 
Besides, as observed in Figure 7.2, both surfaces of the inner layer (i.e., the inner surface 
and the outer surface of the inner layer) spun from the two different inner dope 
compositions exhibit a porous structure. This can be attributed to the high concentration 
of pore-creating agent DG present in the inner dope. Therefore, the inner-layer dope 
composition of PES/NMP/DG at 32/48/20 wt% was chosen in subsequent studies 
because the resultant membrane has a desirable morphological integrity consisting of a 
fully porous inner layer and a minimal delamination structure. These two elements are the 
foundation in obtaining defect-free dual-layer hollow fiber membranes with an ultrathin 




7.2.1.2 The Effect of Take-up Rate on as-spun PAI
 
-PES Dual-layer Hollow Fiber 
Membranes 
 
Take-up rate is another critical parameter that affects the formation of defect-free dual-
layer hollow fiber membrane in the spinning process. Table 7.1 summarizes the pure gas 
separation performance of dual-layer PAI
 
-PES hollow fiber membranes spun at different 
take-up rates.  The best gas separation performance is achieved at the take-up rate of 14.5 
m/min (i.e., Condition B), wherein the O2/N2 selectivity is about 96% of the intrinsic 
value of PAI
 
dense films [18] and the apparent dense-selective layer thickness is 63 nm. 
The O2/N2 selectivity seems to exhibit an increase-and-decrease pattern with an increase 
in elongational rate. It is fairly understood that the initial increment in gas separation 
performance is attributed mainly to the elongation-induced orientation of polymer chains 
[19, 27]. When the elongational rate is increased further, there is a slight decrease in 
O2/N2 selectivity possibly caused by the formation of minor defects at the outer 
functional layer. Thus, the take-up rate at 14.5 m/min was adopted as an optimal value of 
take-up rate for the further study since it provides the best gas separation performance. In 
order to thoroughly understand how the morphologies change with the take-up rate and to 
accurately predict the gas separation performance, PAS was also used to characterize 
dual-layer hollow fiber membranes at various take-up rates (i.e., Condition A to D) which 























(nm) O2 N2 O2/N2 
Pure gas separation performance 
A 9.6 16.0 1.13 ± 0.10 0.17 ± 0.02 6.65 ± 0.06 106 ± 10 
B 14.5 26.9 1.89 ± 0.09 0.24 ± 0.01 7.73 ± 0.08 63 ± 3 
C 18.5 38.8 1.22 ± 0.07 0.16 ± 0.01 7.59 ± 0.12 99 ± 6 
D 22.9 51.5 1.60 ± 0.13 0.22 ± 0.02 7.22 ± 0.02 75 ± 6 
Mixed gas separation performance (Compressed air) 
B 14.5 26.9 1.43 ± 0.10 0.21 ± 0.01 6.93 ± 0.04 -- 
C 18.5 38.8 1.07 ± 0.08 0.16 ± 0.02 6.67 ± 0.12 -- 
 
a 

















Compressed air was used to conduct the mixed gas test and to further explore the 
potential application of this type of dual-layer hollow fiber membrane in industry. The 
fibers spun at conditions B and C were employed in this study and the results are also 
shown in Table 7.2. As compared with the pure gas separation performance, the mixed 
gas results at both spinning conditions show a slight decrease in both gas permeance and 
selectivity. Competition in sorption among the penetrants, concentration polarization and 
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non-ideal gas behavior may probably contribute to the differences [28]. Although there 
are slight drops in O2/N2 selectivity in the mixed gas test compared to in the pure gas test, 
this study still shows the feasibility of using this type of dual-layer hollow fiber 
membrane for industrial air separation process.  
 
7.2.1.3 The Effect of Outer-layer Dope Flow Rate on as-spun PAI-PES Dual-layer 
Hollow Fiber Membranes 
 
In the view to possibly decrease the dense selective layer thickness further and save the 
cost of functional material in the outer layer which is normally much more expensive 
than that in the inner layer, the effect of outer-layer dope flow rate was investigated. 
Table 7.2 shows the gas separation performance of as-spun dual-layer hollow fiber 
membranes at various outer-layer dope flow rates.  It can be clearly observed that the 
O2/N2 selectivity decreases with a reduction in outer-layer dope flow rates. This is 
presumably ascribed to the formation of defects at the outer surface of the outer layer 
during the spinning process. One possible reason is deliberated to the drastic velocity 
variation (i.e., when the outer-layer dope flow rate decreases) of both the inner-layer and 
the outer-layer dopes at the exit of the spinneret (i.e., as shown in Table 7.2). The much 
higher inner-layer dope velocity at the exit of the spinneret compared to the outer dope 
(i.e., fiber spun with a lower outer-layer dope flow rate) may impetuously accelerate the 
outer-layer dope velocity when both meet at the exit of the spinneret. That would bring 
additional stresses to the thin-skinned outer layer, and hence induce the formation of 
defects. Therefore, a lower outer-layer dope flow rate does not necessarily result in the 
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formation of an ultrathin dense-selective layer and the optimal value of outer-layer dope 
flow rate is 0.6 ml/min in this work.  
 
Table 7.2: Pure gas separation performance of dual-layer hollow fiber membranes at 

































B 0.6 78.6 170.3 1.89 ± 0.09 0.24 ± 0.01 7.73 ± 0.08 
E 0.4 52.4 170.3 1.37 ± 0.06 0.21 ± 0.02 6.43 ± 0.21 
F 0.2 26.2 170.3 2.88 ± 0.21 1.63 ± 0.09 1.76 ± 0.03 
a  
The outer-layer dope velocity is calculated based on the ratio of outer-layer dope flow 
rate over the spinneret cross-sectional area of the outer layer 
b  
The inner-layer dope velocity is calculated based on the ratio of inner-layer dope flow 
rate over the spinneret cross-sectional area of the inner layer 
c  

















7.2.2 PAS analysis of Dual-layer PAI
 
-PES Hollow Fiber Membranes 
7.2.2.1 S Parameters from DBES Experiments for as-spun PAI
 
-PES Dual-layer 
Hollow Fiber Membranes 
 
Fig. 7.3 shows the results of S parameters for fibers spun at different take-up rates (i.e., 
conditions A to D) as a function of incident positron energy (or mean depth). As can be 
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seen, the S parameter near the surface decreases sharply to a minimum and then tends to 
flat while the positron energy increases from 0 to 19 keV. This is not a typical trend for 
organic polymeric membranes, wherein the S parameter near the surface should be 
smaller than the bulk presumably due to the back diffusion and scattering of positronium 
and positrons back to vacuum chamber [29-31]. However, our observation is normal for 
the polyimide-based PAI
 
material. In fact, polyimides are known to inhibit the formation 
of positronium and quenching of o-Ps lifetimes due to the strong electron affinity of 
imide moieties [32, 33], and lead to small values in its S parameters. Therefore, the plot 
of S parameters versus incident positron energy shown in Figure 7.3 could not reflect the 
true information of free volume content/size in the PAI
 







Figure 7.3: S parameters from DBES for the fibers spun at different take-up rates as a 
function of incident positron energy (or mean depth). Conditions A, B, C and D 
correspond to the spinning take-up rates of 9.6, 14.5, 18.5 and 22.9 m/min, respectively. 
The lines connected between data points are for eye-guide purpose only 
 
 
When the incident positron energy goes approximately beyond 19 keV, S rises drastically 
in all spinning conditions. This upward trend is probably contributed by the inner PES 
layer.  As demarcated in Figure 7.3, the observed increase in S parameter for conditions 
A to D starts at the incident positron energy of about 24, 22, 20, 19 keV, respectively, 
which corresponds to the mean depth of about 11.6, 10.6, 9.1 and 7.9 µm, respectively. 
This agrees well with the FESEM pictures shown in Figure 7.4, wherein the outer-layer 
thicknesses of the dual-layer fibers spun at conditions A, B, C and D are 12.0, 10.5, 8.8 
and 8.0 µm, respectively. Although the S parameter could not disclose the free volume 
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information of the outer layer due to the inherent properties of polyimide-based PAI
 
material in this work, it still provides useful information in estimating the outer-layer 
thicknesses of dual-layer hollow fiber membranes.  
 
 
Figure 7.4: Comparison of FESEM images of outer layer and outer edges of the dual-
layer PAI
 
-PES hollow fibers spun at different take-up rates. Conditions A, B, C and D 
correspond to the spinning take-up rates of 9.6, 14.5, 18.5 and 22.9 m/min respectively 
 
 
7.2.2.2 R Parameters from DBES Experiments for As-spun PAI
 
-PES Dual-layer 
Hollow Fiber Membranes 
 
The R parameters in DBES spectra versus the incident positron energy (or mean depth) 
are plotted in Figure 7.5 for dual-layer hollow fibers spun at different take-up rates. It is 
not surprising to see a large value of R near the outer surface of hollow fiber membrane 
since R indicates the relative amount of 3γ annihilation of o-Ps in vacuum or large pores. 
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With an increase in incident positron energy to about 1.5 keV, the R parameter quickly 
decreases to the minimum and is interpreted as the dense layer structure of the hollow 




Figure 7.5: R parameters from DBES for the fibers spun at different take-up rates as a 
function of incident positron energy (or mean depth). Conditions A, B, C and D 
correspond to the spinning take-up rates of 9.6, 14.5, 18.5 and 22.9 m/min respectively. 
The lines are fitted results from the VEPFIT program  
 
 
After that, the R parameter increases and forms a hump while the incident positron 
energy continues to increase from 1.5 keV to about 10 keV (or about 2.9 µm in thickness). 
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The gradual increase in R parameter with an increase in incident positron energy suggests 
a progressive transition from the dense structure to the porous PAI
 
sub-layer. The larger 
R value than that of the porous sub-layer (i.e., hump) indicates a more porous 
morphology in this region than the rest parts in the dual-layer hollow fiber membrane 
since R is a direct reflection of the large pores in the membrane. This is ascertained by 
the FESEM pictures shown in Figure 7.4.  As revealed in this figure, consistent 
macrovoids (or large pores) close to the outer-layer outer surface are observed in all the 
fibers spun at different take-up rates. In fact, it is estimated at about 0.8-1.2 µm away 
from the outer-layer outer surface, which agrees well with the large R value in this region.  
 
While beyond 10 keV, the positron penetrates into the bulk of the PAI
 
layer and then into 
the layer of PES, a nearly constant R value is observed indicating that the major part of 
this region has a homogenously porous structure. As a result, the variation of R value 
with respect to the incident positron energy is very helpful to understand the 
morphological change of asymmetric multilayer structure of the hollow fiber membrane.  
 
7.2.3  Correlation of VEPFIT Data with Gas Separation Performance of Dual-layer 
PAI
 
-PES Hollow Fiber Membranes 
 
The computer program VEPFIT was used to fit R parameters and to convert the positron 
energy into an implantation profile. A three-layer model was adopted and the analytical 
results are shown in Table 7.3. Besides, the enlarged part of R parameter (i.e., 0 to 6 keV), 
which represents the quality of the dense layer of dual-layer hollow fiber membranes, 
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with the VEPFIT fitting results is illustrated in the left bottom corner in Fig. 7.5. The 
fitted results indicate that the fiber spun under condition B has the smallest R1 value of 
0.3899, namely the densest skin layer which is consistent with the experimental gas 
separation performance.  The excellent consistency between the fitted R1 data and the 
experimental gas selectivity could be more clearly exhibited in Fig. 7.6. Herein, O2/N2 
selectivity shows an increase-and-decrease trend while the R1 parameter exhibits an 
opposite pattern with an increase in elongational rate. In other words, the degree of 
denseness of the skin layer is directly related to the gas selectivity. The denser the skin 
layer (i.e. the lower R1 parameter), the higher the gas selectivity is.  
 
 




 selectivity and fitted R
1
 parameter as a function of 
elongational rate. Conditions A, B, C and D correspond to the spinning take-up rates of 
9.6, 14.5, 18.5 and 22.9 m/min, respectively. The lines connected between data points are 




On the other hand, the fitted skin thickness (i.e., L1 in Table 7.3) and the calculated 
apparent skin thickness (i.e., Table 7.1) coincide with each other. Figure 7.7 correlates 
the experimental O2 permeance and VEPFIT fitted skin thicknesses as a function of 
FESEM measured outer-layer thickness under different spinning take-up rates. In this 
work, we have tried to use 2-, 3- and 4- layer models in the VEPFIT analysis. The 2- and 
4-layer models could not give satisfactory chi-squares (i.e., chi-square is more than 10) 
and the resultant error bars are larger than the fitted layer thickness. Therefore, we 
reported here the results for 3-layer fitting and discussed the layer structures based on 3-
layer model. Even though there are still large error bars in the fitted results, they provide 
relevant information about the variation in the skin thickness of dual-layer hollow fiber 
membranes. As can be seen, the smaller the fitted skin thickness, the larger the 
experimental gas permeance is. Therefore, it can be concluded that PAS is an efficient 













Table 7.3: VEPFIT results for the analysis of multilayered structure of dual-layer hollow 







































































76 ± 26 1704 ± 1164 
 
* Conditions A, B, C and D denote the fiber spun at take-up rates of 9.6, 14.5, 18.5 and 






 are fitted R parameters of dense layer, transition 




 are the fitted thicknesses of dense 







Figure 7.7: Experimental O
2
 permeance and VEPFIT fitted skin thicknesses as a function 
of FESEM measured outer layer thickness. Conditions A, B, C and D correspond to the 
spinning take-up rates of 9.6, 14.5, 18.5 and 22.9 m/min, respectively. The dotted lines 
are for eye-guide purpose only 
 
 
7.3  CONCLUSIONS  
 
In this work, PAI
 
-PES based defect-free dual-layer hollow fiber membrane with an 
ultrathin dense-selective layer has been successfully fabricated. The secret of success lies 
in an optimal combination of key factors; namely, dope formulation, take-up rate and 
outer-layer dope flow rate. As proven in the study, an appropriate inner-layer dope 
composition incorporated with pore-creating agent DG (i.e., PES/NMP/DG at 32/48/20 
wt%) is essential in achieving the morphological integrity of dual-layer hollow fiber 
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membranes. The O2/N2 selectivity reveals an increase-and-decrease pattern with an 
increase in take-up rate. Besides, it has been shown that a lower outer-layer dope flow 
rate is not favored in the formation of defect-free dual-layer hollow fiber membranes with 
an ultrathin dense-selective layer in this work. The optimal spinning condition has been 
found to have a take-up rate of 14.5 m/min with an outer-layer dope flow rate of 0.6 
ml/min, where it exhibits an O2/N2 selectivity of 7.73 with a dense-selective layer 
thickness of 63 nm. 
 
In addition, it has been demonstrated that PAS technique is an efficient and powerful tool 
to explore the morphological change of dual-layer hollow fiber membranes and predict 
their gas separation performance. Although the S parameter from DBES experiments 
could not provide the free volume information of the outer layer due to the inherent 
properties of polyimide-based PAI, it furnishes a useful way to estimate the outer-layer 
thicknesses which has been verified by FESEM images.  The analysis of R parameter 
from DBES experiments demonstrates that the dual-layer hollow fiber membrane 
developed in this work consists of a dense-selective layer, a transition layer and a sub-
porous supporting layer.  
 
Both PAS VEPFIT fitted results and the experimental gas separation performance 
correlate well with each other. The fiber spun at condition B shows the densest skin layer 
(i.e. the lowest R1 value) and the thinnest skin layer in the fitted data, while the same 
fiber exhibits the highest O2/N2 selectivity and O2 permeance. The fairly good separation 





layer hollow fiber with an ultrathin dense-selective layer may be a potential candidate for 
industrial gas separation process.  
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With the understanding of the limitation on current available memrbane materials, that is 
very much described by Robeson’s upper bound trade-off limit, the exploration of high 
performance polymeric membrane materials had been carried out in this PhD study. The 
study was first performed on the modification of commercially available Matrimid
®
 
material with the incorporation of nano-szied POSS
®
 particles for natural gas purification. 
Afte that, a series of post-modificaion studies were focused on synthesized polymers of 
intrinsic microporosity (PIMs) for energy development. Considering the advantageous 
values of hollow fiber over flat sheet membrane in industry, defect-free dual-layer 
polyimide-amide (PAI)-polyethersulfone (PES) based hollow fiber membranes with the 
formation of ultrathin dense selective layer have been fabricated.  The developed high 
performance membranes are specifically for gas separation applications, e.g., O2/N2, 
CO2/CH4, CO2/N2 and H2/CO2.  In summary, four aspects had been studied:  
 
1. Facilitated transport by hybrid POSS®-Matrimid®-Zn2+ nanocomposite membrane 
for the separation of natural gas. 
2. High-performance thermally self-cross-linked polymer of intrinsic microporosity 
(PIM-1) membranes for energy development. 




4. Development and positron annihilation spectroscopy (PAS) characterization of 
polyamide imide (PAI)–polyethersulfone (PES) based defect-free dual-layer 
hollow fiber membranes with an ultrathin dense-selective layer for gas separation.  
 
The abovementioned studies have revealed noteworthy enhancement in gas separation 
capability. The detailed conclusions have been derived and summarized as follows:  
 











 Octa Amic Acid - Matrimid
®
 nanocomposite membranes were 
successfully fabricated. The study showed that the nano-sized POSS
®
 could be 
distributed uniformly over the Matrimid
®
 matrix with an intimate polymer-particle 
interface. This is presumably ascribed to the existence of intermolecular hydrogen 




. Nevertheless, the 
incorporation of POSS
®
 nanoparticles revealed a decrease in permeability for all the 
gases and a similar selectivity to the pristine Matrimid
®
 membrane. The reduction in free 
volume after the addition of POSS
®
 particle, the polymer chain rigidification near the 
polymer-particle interface, and the partial pore blockage of porous POSS
®
 particles are 
believed to be the main reasons attributing to this phenomenon.    
 
On the other hand, the excellent dispersion of POSS
®
 with eight carboxylic functional 





which is the engine of the facilitated transport to some specific gases. The EDX 
analyses revealed that there was an average of 0.75 mol% zinc in the nanocomposite 
membrane after 0.2 M ZnCl2 treatment. The resultant hybrid POSS
®–Matrimid®–Zn2+ 
nanocomposite membrane exhibited obvious enhancement in gas separation performance, 




 - 0.3M 
ZnCl2 membrane, the selectivity of CO2/CH4 and O2/N2 increased by 70 % and 30 %, 




8.1.2 High-performance Thermally self-cross-linked Polymer of Intrinsic 
Microporosity (PIM-1) Membranes for Energy Development 
 
Novel thermally self-cross-linked polymers of intrinsic microporosity (PIM-1) 
membranes were prepared by postmodification of PIM-1 at the elevated temperature for a 
period of 0.5 - 2 days. The occurrence of cross-linking reaction had been verified by 
thermogravimetric analysis (TGA), X-ray photoelectron spectrometer (XPS) and gel 
content analyses. TGA analyses indicated an increase in thermal stability of membranes 
after the thermal cross-linking treatment. There was also an obvious drop in the 
maximum decomposition rate comparing to the original PIM-1when membranes are 
thermally treated for an extended period of time. Both FTIR and XPS results suggested 
that the nitrile-containing PIM-1 membranes experienced a latent cross-linking reaction, 




The resultant cross-linked polymeric membranes exhibited exceptional gas separation 
performance that surpassed the most recent upper bound of state-of-the-art polymeric 
membranes for the important gas separations, such as hydrogen purification, CO2 capture 
and flue gas separation. In addition, both gas permeability (attributed to the contorted 
nature, rearrangement and pronounced inefficient packing of PIM polymer chains) and 
selectivity (attributed to the decrease of chain-to-chain spacing) increased diagonally with 
the upper bound line when thermal soaking time increases. PIM-1 thermally treated at 
300 °C for 2 days had the CO2 permeability of 4000 barrer with CO2/CH4 and CO2/N2 
ideal selectivity of 54.8 and 41.7, respectively. Additionally, the preliminary aging study 
revealed much more stable properties of the thermally treated membrane (e.g., PIM-300-
2.0d) than that in the pristine PIM-1 membrane. The thermally cross-linked PIM-1 
membranes would probably provide a promising alternative in industrial energy 
development. 
 
8.1.3 UV-rearranged PIM-1 Polymeric Membranes for Advanced Hydrogen 
Purification and Production 
 
Polymers of intrinsic microporosity (e.g., PIM-1) have been known for their super high 
permeability but average selectivity for medium-size gas pairs. They have unimpressive 
selectivity for H2 and CO2 separation (i.e.,  (H2/CO2) = 0.6). For the first time, it had 
been discovered that ultraviolet (UV)-rearranged polymers of PIM-1 membranes could be 
used for H2/CO2 separation with far superior separation performance to others in 
literatures. The PIM-1 membrane after UV radiation for 4 hours showed H2 permeability 
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of 452 barrer with H2/CO2 selectivity of 7.3.  Experimental data and molecular simulation 
revealed that the polymer chains of PIM-1 undergone 1,2-migration reaction and 
transformed to close-to-planar like rearranged structure after UV radiation. As a result, 
the UV-irradiated PIM-1 membrane showed considerable drops in both fractional free 
volume (FFV) and size of micro-pores. Nuclear magnetic resonance (NMR) and positron 
annihilation lifetime (PAL) results had confirmed the chemical and structural changes, 
suggesting the FFV and pore size drops were mainly ascribed to the destructed spiro-
carbon centre during UV radiation.  
 
Different from the unmodified PIM-1, the UV-irradiated PIM-1 membrane exhibited 
exceptionally high gas separation performance that surpassed the upper bounds for gas 
pairs such as H2/N2, CO2/CH4 and H2/CO2. Sorption, x-ray diffractor (XRD) and density 
analyses indicated that the impressive H2/CO2 selectivity arised from the significantly 
enhanced diffusivity selectivity induced by UV radiation, followed by molecular 
rearrangement, conformation change and chain packing. In addition, compared to pure 
gas tests, the PIM-irradiated membrane showed stable and comparable separation 
performance in mixed gas tests with and without CO presence. Therefore, the newly 
discovered UV-rearranged PIM-1 membrane may have great potential for the purification 






8.1.4  Development and Positron Annihilation Spectroscopy (PAS) 
Characterization of Polyamide Imide (PAI) - Polyethersulfone (PES) based 
Defect-free Dual-layer Hollow Fiber Membranes with an Ultrathin Dense-
selective Layer for Gas Separation 
 
Defect-free polymeric dual-layer hollow fiber membranes consisting of an ultrathin dense-
selective polyamide imide (PAI) layer and a polyethersulfone (PES) supporting layer had 
been fabricated for gas separation application. It was observed that a lower outer-layer 
dope flow rate did not necessarily result in the formation of an ultrathin dense-selective 
layer upon the PES supporting layer. An optimization in the velocity between the inner-
layer and the outer-layer dopes at the exit of the spinneret was essential to minimize 
additional stresses and defect formation in the outer functional layer. 
 
The best gas separation performance of the PAI - PES dual-layer hollow fibers fabricated 
had an O2/N2 selectivity of 7.73 with a dense-selective layer thickness of 63 nm. Positron 
annihilation spectroscopy (PAS) had been used for the first time to explore the 
morphology and predict the gas separation performance of PAI - PES based dual-layer 
hollow fiber membranes. Doppler broadening energy spectra (DBES) from PAS 
accurately estimated the outer-layer thickness and demonstrated the existence of the 
multilayered structure of the dual-layer hollow fiber membranes. Besides, the PAS fitted 
data revealed that the fiber spun under the optimal condition had the densest selective 





8.2  RECOMMENDATIONS FOR FUTURE WORK 
 
Although the abovementioned research works have exhibited significant enhancement in 
gas separation applications, the following recommendations for future work may provide 
great insights to the further development of membrane materials and fabrication 
technology for the commercialization of those advanced functional materials.  
 
8.2.1  Continuous Feasibility Studies of the Postmodified PIM-1 Membranes for 
Industry Use 
 
Polymeric glassy polymers are inherently non-equilibrium materials. They undergo 
constant molecular rearrangements to attain an equilibrium state. This process is termed 
“physical aging”. Generally, the physical aging of polymeric films would result in 
continuous decrease in gas permeability with the time. This, on the other hand, has 
constrained the applicability of polymeric membranes for industrial use. Therefore, the 
long term physical aging study (i.e., stability test) is one of the crucial steps prior to 
determining the industrial applicability of a membrane. Previously, both thermally self-
cross-linked and UV-rearranged PIM-1 membranes have exhibited superior gas separation 
performance, that far exceeding the recent upper-bounds for the state-of-art polymeric 
membranes (refer to the Chapter Five and Six). Although the preliminary aging study (e.g., 
up to 10 days) of the thermally self-cross-linked PIM-1 film has revealed a much more 
stable behavior than that in the pristine PIM-1 membrane, the long term stability test (e.g., 
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at least 3 months) would be another key parameter in determining the feasibility of those 
membranes for industrial use. Additionally, the membrane thickness should be very thin to 
achieve a high flux of the permeating component, preferably in the range of less than 1 
µm. Another reason to conduct the aging test with a thin polymer film is due to the totally 
different permeation and aging behavior of submicron and nano-sized glassy polymer 
membranes. 
 
Postmodification of membrane to achieve desired properties, e.g., coating, surface cross-
linking, is one of the common steps in industrial membrane preparation. Nevertheless, the 
cost of postmodifcation in terms of energy consumption may arise to be a great concern 
for industrial practice. Although the significant enhancement of the previously developed 
PIM-1 films (both thermally cross-linked and UV-rearranged PIM-1 membranes) has been 
realized, there was also substantial energy consumption in both processes. For example, 
the best performance achieved for thermally self-cross-linked PIM-1 membrane was 
soaked for 2 days at 300 
o
C under vacuum, while the UV-rearranged PIM-1 membrane 
had been treated for 4 hrs under the UV irradiation (UV-bulb (BLX-254 58w-254nm)). 
The major scopes for the further research may be helpful in minimizing the energy 
consumption involve:  
 
1) It is fairly understood that the activation energy for the nitrile-containing self-
cross-linking reaction is pretty high, the inclusion of reaction catalyst, e.g., ZnCl2, 
might be able to expedite the cross-linking reaction, shorten the soaking duration 
and even lower the reaction temperature.   
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2) The available nitrile groups in PIM-1 backbone in the cross-linking reaction are 
also limited. Thus, the addition of nitrile-containing chemicals, e.g., 
terephthalonitrile (TPH) might be another option to facilitate the cross-linking 
reaction and this, on the other hand, may probably shorten the reaction time.   
3) To replace UV with other techniques, e.g., ion irradiation, plasma or γ-ray 
radiation and achieve the similar phenomenon of polymer chain rearrangement and 
thus, enhanced gas separation performance for H2/CO2 separation.   
 
In this PhD study, the UV-rearranged PIM-1 membranes have been developed for syngas 
separation (e.g., H2/CO2).  Considering the typical high temperature effluent of syngas 
(e.g., ~ 200 
o
C), it would be more meaningful if the experimental temperature for the 
membrane testing is around that. Although the exact glassy temperature of PIM-1 is 
difficult to determine due to the contorted nature of its backbone, it has been identified 
that PIM-1 is thermally stable up to 450 
o
C. Thus, there should be little issue for operating 
PIM-1 based membranes up to 200 
o
C.  On the other hand, it is expected to obtain better 
gas separation properties, especially in terms of gas permeaibility of H2 than that tested at 
35 
o
C.   This is mainly ascribed to the enhanced diffusivity coefficient of gas molecules at 
the higher operating temperature.  
 
8.2.2  Hollow Fiber Spinning of the PIM-1 based Polymeric Membrane for Gas 
Separation 
 
Due to its high surface area over unit volume, hollow fiber has been regarded as one of the 
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most favorable membrane configurations in industry. Even though PIM-1 has shown a 
promising gas separation performance, all studies so far are based on polymeric dense 
films, which in fact, limits its applicability for industry use. Therefore, it is imperative to 
convert the PIM-1 based polymeric materials into the hollow fiber configuration. Two 
crucial issues concerning the hollow fiber formation in this work may need to be solved 
before the further investigation. Firstly, laboratory synthesized PIM-1 material has 
relatively low molecular weight and is in small scale. Secondly, PIM-1 does not dissolve 
in n-methyl-pyrrolidone (NMP), a common solvent for hollow fiber spinning, which may 
constrain the hollow fiber spinning process. A few ways may be helpful in overcoming 
these challenges:  
1) The purity of synthesis monomers has a great impact to the final molecular weight 
of PIM-1. The repeated purification of synthesis monomers, e.g. sublimation and 
recrystallization might be useful. Additionally, the strict control of synthesizing 
environment to avoid moisture attack is another key in material synthesis.  
2) PIM-1 is readily dissolvable in tetrahydrofuran (THF). The spinning of PIM-1 
hollow fiber membrane with a possible mixture of solvents, e.g., NMP/THF, might 
be feasible for this spinning process. However, the detailed study of phase diagram 
and viscosity measurement is required to understand the phase inversion behavior 
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